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CHAPTER 1 
GENERAL INTRODUCTION 
Significance and Rationale 
Aldehyde dehydrogenases (ALDHs, EC 1.2.1.3) exist in many, if not all, taxa, and 
play diverse roles in cellular function. ALDHs oxidize aldehydes to their corresponding 
carboxylic acid upon reducing NAD+ to NADH. Aldehydes are generally considered to be 
cytotoxic because their carbonyl groups can interact with many molecules including proteins 
and DNA, and alter functions of these molecules. A number of ALDHs have been well 
studied in animal systems and fungi, yet there has been little research on plant ALDHs. 
Although animals and plants share many metabolic pathways, considering the unique aspects 
of plant physiology and cellular function, it is necessary to study plant ALDHs to define their 
unique physiological functions in these organisms. Recently it has been shown that one of 
the maize mitochondrial ALDH is involved in pollen development, which is of great 
importance for both basic plant science research and agricultural application, because male 
sterile maize lines can facilitate the production of hybrid com. 
Dissertation organization 
This dissertation is divided into six chapters. Chapter 1 includes a general 
introduction to ALDHs and aldehydes generated by various biochemical pathways. This 
chapter also includes an introduction to maize cytoplasmic male sterility and the role a 
mitochondrial ALDH plays in fertility restoration. 
Chapter 2 is a paper published in Plant Molecular Biology, in which Feng Liu is a co-
first author with David Skibbe and Tsui-Jun Wen. This paper described characterization of 
four maize ALDH genes and three Arabidopsis ALDH genes. David Skibbe characterized 
the maize rflc and rfld genes, which encode two cytosolic ALDHs; Tsui-Jun Wen 
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characterized three Arabidopsis ALDH genes. Feng Liu studied the maize rf2a and rf2b 
genes, which encode two mitochondrial ALDHs. Feng Liu initiated cDNA cloning of rJ2c, 
rf2d and three Arabidopsis ALDH genes, performed ALDH assay for all seven genes and 
established complementation conditions in E. coli. Although David Skibbe was the primary 
writer of the manuscript, Feng Liu also participated in its preparation. 
Chapter 3 is a paper published in the Plant Cell, which establishes that maize 
mitochondrial ALDH activity is required for normal pollen development. Xiangqin Cui 
collected the data involving anther arrest and interpreted the results, and prepared the 
predicted 3-D structure. Feng Liu collected all of the remaining data and was the primary 
writer of the manuscript. 
Chapter 4 is a manuscript that has been accepted for publication in Plant Physiology. 
This manuscript describes the detailed functional characterization of RF2A and RF2B, two 
mitochondrial ALDHs from maize. Feng Liu collected and interpreted all of the data and 
was the primary writer of the manuscript. 
Chapter 5 is a manuscript that has been submitted to the Plant Cell. It describes the 
functional analyses of RF2C and RF2D, two cytosolic ALDHs from maize. David Skibbe 
prepared the rf2c and rfld expression constructs. Feng Liu collected and interpreted all of 
the data and was the primary writer of the manuscript. 
Chapter 6 includes a general conclusion. The role of gene family is discussed. 
INTRODUCTION 
Generation of aldehydes in plants 
Aldehydes can be generated in vivo as intermediates of a number of biochemical 
pathways (Schauenstein et al., 1977), two of which are well studied: the ethanolic 
fermentation pathway and lipid peroxidation pathway. 
3 
Fermentation pathway 
In plants the ethanolic fermentation pathway provides NAD+ for glycolysis under 
flooding conditions via the actions of pyruvate decarboxylases (PDC, EC 4.1.1.1) and 
alcohol dehydrogenase (ADH, EC 1.1.1.1) (Figure 1.1, adapted from Perata and Alpi, 1993). 
In this pathway, acetaldehyde (boxed in Figure 1.1) is generated via PDC from pyruvate, and 
then it can either be reduced to ethanol by ADH (fermentation) or be oxidized to acetate by 
aldehyde dehydrogenase (ALDH, EC 1.2.1.3). Ethanol can also be converted to 
acetaldehyde via catalase (EC 1.11.1.6) in the presence of H2O2, which is not part of the 
ethanolic fermentation pathway, but may play important roles in post-flooding damage in 
plants (Monk et al., 1987). 
Lipid peroxidation 
Lipid peroxidation can occur both enzymatically and non-enzymatically. Lipid 
peroxidation occurs nonenzymatically when the cellular concentrations of reactive oxygen 
species (ROS) increase (reviewed by Comporti, 1989). The most biologically significant 
ROS include oxygen free radical (O2*"), hydrogen peroxide (H2O2), and the hydroxyl free 
radical (OH*). ROS-mediated lipid peroxidation has been intensively studied because it is 
involved in many aspects of cell functions, such as programmed cell death and stress 
tolerance (reviewed by Jabs, 1999). The end products of ROS-mediated lipid peroxidation 
include a number of aldehydes, such as C3 to C9 aliphatic aldehydes, /ramr-2-hexenal, trans-
2-nonenal, malondialdehyde (MDA), and 4-hydroxy-2-nonenal (4-HNE), among which 
MDA and 4-HNE are the most abundant and 4-HNE is the most reactive molecules 
(Comporti, 1998). Examples of production of aldehydes via ROS-mediated lipid 
peroxidation are shown in Figure 1.2. In Figure 1.2 A, a molecule of unsaturated fatty acid is 
attacked by hydroxyl free radical at a double bond, generating a hydroxylated lipid free 
radical. In the presence of oxygen, this molecule will be oxidized to a lipid hydroperoxy 
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radical, which can then abstract an H atom from an adjacent fatty acid side chain,generating 
hydroxylated lipid peroxide and another lipid free radical (lipid peroxidation propagation). 
The hydroxylated lipid peroxide decomposes automatically and generates an aldehyde and 
another product which also carries a carbonyl group at one end. If a second double bond is 
present in an adjacent position, and if the above reaction goes on for another cycle, then 
MDA will be generated (Elstner, 1987). Figure 1.2B shows peroxidation of a typical fatty 
acid. The fatty acid side chain is also attacked by a hydroxyl free radical, resulting in a lipid 
free radical. In the presence of oxygen, the lipid free radical forms lipid peroxy radical, 
which can then attack an adjacent lipid and generate a lipid peroxide and another lipid free 
radical. Lipid peroxide can be converted to a lipid peroxy radical upon oxidizing a metal ion 
such as Fe2+. The lipid peroxy radical can then be fragmented into an aldehyde product and 
an alkane free radical (Halliwell and Gutteridge, 1989). 
Lipid peroxidation can also occur enzymatically. Lipoxygenases (LOXs, EC 
1.13.11.12) are a group of enzymes that oxidize polyunsaturated fatty acids in the presence of 
0% and therefore initiate lipid peroxidation (Maccarrone et al., 2001). Both ROS-mediated 
and LOX-mediated lipid peroxidation lead to alteration of membrane fluidity and generation 
of cytotoxic aldehydes, although the aldehyde product profile is different (Comporti, 1998; 
Zhuang et al., 1996; Gardner and Grove, 1998). 
Aldehydes generated during amino acid metabolism 
Indole-3-acetic acid (IAA), a plant hormone, can be generated from L-tryptophan via L-
tryptophan amino transferase (TAT, EC 2.6.1.27) and indolepyruvate decarboxylases (IPDC, 
EC 4.1.1.74), or L-tryptophan decarboxylases (TDC, EC 4.1.1.28) and monoamine oxidase 
(MO, EC 1.4.3.4) (Figure 1.3) (Reviewed by Normanly et al., 1995). Both pathways 
generate indole-3-acetaldehyde as an immediate. The enzyme catalyzing the conversion of 
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indole-3-acetaldehyde into IAA has not been established. Both aldehyde oxidase (AO, EC 
1.2.3.1 or EC 1.2.3.7) and ALDH may catalyze the reaction (Marumo, 1986; Seo et al., 
1998). 
Other aldehydes generated from amino acid catabolism include acetaldehyde and 
betaine aldehyde. Acetaldehyde can be generated from catabolism of threonine via threonine 
aldolase (EC 4.1.2.5, Murata et al., 1986); betaine aldehyde is a precursor for glycine 
biosynthesis (Schauenstein et al., 1977). Betaine aldehyde is oxidized by betaine aldehyde 
dehydrogenase (BALDH, EC 1.2.1.8), which is located in chloroplast of plant cells 
(Weretilnyk and Hanson, 1990) and only distantly related to ALDHs located in mitochodnria 
and cytosol (Vasiliou et al., 1999). 
Aldehydes: toxicity and detoxification 
Aldehydes inhibit the biosynthesis of nucleic acids and proteins, and thereby inhibit cell 
division and growth (Schauenstein et al., 1977). This is mainly due to their active carbonyl 
group, which can attack the sulphydryl groups of cysteine residues in proteins, and the amino 
groups of proteins and DNA to form Schiff base (Schauenstein et al., 1977) (Figure 1.4). 
These reactions result in protein and DNA modification or cross-linking. 
Aldehydes can be oxidized by aldehyde oxidases (AO, EC 1.2.3.1) or ALDH. 
ALDHs oxidize aldehydes in the presence of coenzyme NAD+ or NADP+ (Figure 1.5 A). 
AOs oxidizes aldehydes into their corresponding carboxylic acids in presence of oxygen 
(Figure 1.5B). Aldehydes can be reduced into alcohol via alcohol dehydrogenase (ADH, EC 
1.1.1.1) in the presence of NAD H (Figure 1 5C). Other aldehyde detoxification enzymes 
include aldose reductase (i.e., aldehyde reductase, AR, EC 1.1.1.21) (Srivastava et al., 1999; 
Burczynski et al., 2001) and glutathione S-transferase (GST, EC 2.5.1.18) (Hiratsuka et al., 
2001) (Figure 1.5D). 
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ALDH super gene family 
ALDHs have been well studied in mammals. Few studies have been published on 
plant. Some ALDHs have broad substrate specificity, such as mammalian mitochondrial 
ALDH2; while others are specific for certain aldehydes, such as betaine ALDH (Weretilnyk 
and Hanson, 1988). Overall, ALDHs form a super gene family, which includes all ALDHs 
identified from bacteria, fungi, animals and plants (Vasiliou et al., 1999). The ALDH super 
gene family is divided into families and subfamilies according to evolutionary distance. A 
family is defined as having less than 40% amino acid identity as compared to other families; 
a subfamily is defined as having less than 60% amino acid identity as compared to other 
subfamilies. Family 1 ALDHs consist of cytosolic ALDHs, while Family 2 ALDHs are 
targeted to mitochondria. Some of Family 3 ALDHs are cytosolic, while others are 
microsomal. In animals, Family 1 ALDHs are involved in retinal and retinoic acid 
metabolism, while Family 2 ALDHs are involved in acetaldehyde detoxification and possibly 
detoxifying other aldehydes, such as MDA, although at a lower rate (Hjelle and Petersen, 
1983). Family 3 cytosolic ALDHs are involved in detoxifying medium carbon chain-length 
saturated aldehydes, such as aldehydes generated via ROS-mediated lipid peroxidation 
(Lindahl and Petersen, 1991). No functional characterizations of any plant ALDHs were 
available when this dissertation research was initiated. 
ALDH function and maize Texas cytoplasmic male sterility 
It has been revealed recently that one of the nuclear restorers of Texas cytoplasmic male 
sterility (cmsT) belongs to Family 2 ALDHs (Cui et al., 1996; Liu et al., 2001). There are 
two types of male sterility in plants, nuclear male sterility, or genie male sterility, and 
cytoplasmic male sterility (cms). Nuclear male sterility is caused by mutations in nuclear 
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genes, and it follows Mendel s segregation. Cms is caused by mutations in cytoplasm, often 
in mitochondria, therefore it is maternally inherited. Cms is a common phenomenon in the 
plant kingdom, and it can often be restored to fertility by nuclear genes termed nuclear 
restorers. CmsT is caused by a unique 13-kD protein, URF13, which is a mitochondrial inner 
membrane protein encoded by mitochondrial gene urfl3 (Dewey et al., 1986, Wise et al., 
1987). The urfl3 gene arose from recombination of the mitochondrial genome (Dewey et 
al., 1986). This protein can cause mitochondrial dysfunction when combined with a toxin 
generated by race T of Cochliobolus heterostrophus, the fungus respobsible for the Southern 
corn blight outbreak in early 1970s (Hooker et al., 1970; Yoder, 1973). It is not clear how 
URF13 causes male sterility in cmsT maize lines. CmsT can be restored by combined action 
of two genes, Rfl and Rf2a (previous designated rfl). Rfl alters urf!3 transcripts and 
thereby reduces URF13 protein accumulation by 80% (Dewey et al., 1987; Kennell and 
Pring, 1989). It is not clear how RJ2a functions to restore fertility to cmsT maize lines, 
although RJ2a has been cloned and shown to encode a protein that exhibits 75% similarity to 
mammalian ALDH2 (Cui et al., 1996). The RF2A protein was shown to be a mitochondrial 
matrix protein, whose ALDH activity is required for normal pollen development (Liu et al., 
2001). However, it is still not clear which metabolic pathway(s) are involved in this process. 
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Figure 1.1 Acetaldehyde generated via ethanolic fermentation pathway. Under normal 
physiological conditions, the pyruvate generated by glycolysis is converted into acetyl-CoA 
by the pyruvate dehydrogenase complex (PDH) and enters the TCA cycle. When oxygen is 
limited, the TCA cycle is inhibited and pyruvate is converted to acetaldehyde (boxed 
compound) by pyruvate decarboxylase^ DC); acetaldehyde is then converted to alcohol by 
alcohol dehydrogenase (ADH) while concomitantly recycles NAD+ for use in glycolysis. 
Ethanol can also be converted to acetaldehyde by catalase (CAT) in the presence of hydrogen 
peroxide, which is not part of ethanolic fermentation pathway. This reaction occurs under 
certain physiological conditions such as post-flooding period. 
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Figure 1.2 Generation of aldehyde products via ROS-mediated lipid peroxidation. A, 
peroxidation of a polyunsaturated fatty acid in the presence of OH* and O2, generating 
MDA, other aldehydes and other products (Adapted from Elstner, 1987). B, peroxidation of 
a general lipid in the presence of hydroxyl free radical, oxygen and a metal ion, generating 
an aldehyde and an alkane free radical (Grosch, 1987). 
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L-tryptophan 
TAT l/ TDC 
indole-3-pyruvic acid tryptamine 
IPDX / MO 
indo le-3 -acetaldehyde 
1 (AO/ALDH) 
indole-3-acetic acid (IAA) 
Figure 1.3. IAA biosynthesis in plants via L-tryptophan (adapted from Normanly et al., 
1995). L-tryptophan can be converted to tryptamine by L-tryptophan decarboxylases (TDC); 
tryptamine is then converted to indole-3-acetaldehyde via monoamine oxidase (MO). A 
second mean to convert L-tryptophan into indole-3-acetaldehyde is via the combined action 
of tryptophan amino transferase (TAT) and indole-3-pyruvate decarboxylases (IPDC). The 
enzyme that catalyzes oxidation of indole-3-acetaldehyde is not well characterized. Both 
aldehdye oxidase (AO) and ALDH may be involved (Marumo, 1986; Seo et al., 1998). 
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A. 
R-CHO+ NH2-R • R-CH=N-R +H20 
B. 
SH —CFjh S—v 
R-CHO + /CH2-R • R/ >-R +H2O 
NH2 NH 
C. 
R-CHO + NH->-R + NH1-R •R-NH-CH-NH-R + M, O 
I 
R 
Figure 1.4. Toxicity of aldehydes. A, a molecule of aldehyde reacts with an amino group 
from DNA or protein, resulting in the modification of the DNA or protein. B, a molecule of 
aldehyde reacts with a protein carrying amino and sulphydryl groups, resulting in 
inactivation of the sulphydryl group, which often is critical for protein function. C, a 
molecule of aldehyde reacts with two amino groups from different DNA or protein 
molecules, resulting in the cross-linking of the two molecules (Schauenstein et al., 1977). 
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A
' ALDH 
R-CHO + NAD(P)+ + H20 —• R-COOH + NAD(P)H + H+ 
B. 
AO 
R-CHO + 02 + H20«4—R-COOH + H202 
C. 
ADH/AR 
R-CHO + NADH + H+ » R-CH2OH + NAD+ 
D. 
GST 
R-CHO + Glu-Cp-Gly •<—• Glu-C^s-Gly + H20 
SH S=C-R 
Figure 1.5. Aldehyde detoxification reactions. A, an aldehyde is converted to an acid 
ALDH; B, an aldehyde is converted to an acid via AO; C, an aldehyde is converted to 
alcohol via ADH or AR; D, an aldehyde is detoxified by GST. 
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CHAPTER 2 
CHARACTERIZATION OF THE ALDEHYDE DEHYDROGENASE 
GENE FAMILIES OF ZEA MAYS AND ARABIDOPSIS 
A paper published in Plant Molecular biolog/ 
David S. Skibbe1"*, Feng Liuu*, Tsui-Jung Wen5*, Mama D. Yandeau1'3, Xiangqin Cuiu, 
Jun Cao1'3, Carl R Simmons4, Patrick S. Schnable1,2'3'3,6 
ABSTRACT 
Cytoplasmic male sterility is a maternally transmitted inability to produce viable pollen. 
Male sterility occurs in Texas (T) cytoplasm maize as a consequence of the premature 
degeneration of the tapetal cell layer during microspore development. This sterility can be 
overcome by the combined action of two nuclear restorer genes, rfl and rfla. The rf2a gene 
encodes a mitochondrial aldehyde dehydrogenase (ALDH) that is capable of oxidizing a 
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variety of aldehydes. Six additional ALDH genes were cloned from maize and Arabidopsis. 
In vivo complementation assays and in vitro enzyme analyses demonstrated that at least five 
of these genes encode functional ALDHs. Some of these ALDHs are predicted to 
accumulate in the mitochondria, others in the cytosol. The intron/exon boundaries of these 
genes are highly conserved across maize and Arabidopsis and between mitochondrial and 
cytosolic ALDHs. Although animal, fungal, and plant genomes each encode both 
mitochondrial and cytosolic ALDHs, it appears that either the gene duplications that 
generated the mitochondrial and the cytosolic ALDHs occurred independently within each 
lineage or that homogenizing gene conversion-like events have occurred independently 
within each lineage. All studied plant genomes contain two confirmed or predicted 
mitochondrial ALDHs. It appears that these mitochondrial ALDH genes arose via 
independent duplications after the divergence of monocots and dicots or that independent 
gene conversion-like events have homogenized the mitochondrial ALDH genes in the 
monocot and dicot lineages. A computation approach was used to identify amino acid 
residues likely to be responsible for functional differences between mitochondrial and 
cytosolic ALDHs. 
Abbreviations 
ALDH aldehyde dehydrogenase 
At Arabidopsis thaliana 
Bt Bos taunts 
cALDH cytosolic aldehyde dehydrogenase 
cms cytoplasmic male sterility 
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cms-T Texas cytoplasm maize 
Hs Homo sapiens 
mtALDH mitochondrial aldehyde dehydrogenase 
Nt Nicotiana tobaciim 
Os Oryza saliva 
Rn Rattus norvegicus 
Sc Saccharomyces cerevisiae 
T cytoplasm Texas cytoplasm 
Zm Zea mays 
INTRODUCTION 
Cytoplasmic male sterility (cms) is a maternally inherited inability to produce viable pollen 
(reviewed by Duvick, 1965; Laughnan and Gabay-Laughnan, 1983). In Texas cytoplasm 
maize (cms-T) sterility arises from the premature degeneration of the tapetal cell layer during 
microspore development (Warmke and Lee, 1977). The T cytoplasm-specific mitochondrial 
gene, T-urfli, which is responsible for this sterility encodes a 13-kDa protein termed URF13 
(Wise et al., 1987). The mechanism by which URF13 causes male sterility is not known. 
However, working in concert dominant alleles of rfl and rf2 (now termed rf2a) can 
overcome URF13-mediated sterility. As such, they are nuclear restorer of fertility genes 
(reviewed by Schnable and Wise, 1998 and Wise et al., 1999). 
To better understand the molecular mechanism of fertility restoration in cms-T, the 
rfla gene was cloned (Cui et al., 1996). Subcellular localization studies and enzymatic 
characterizations have demonstrated that rfla is a mitochondrial aldehyde dehydrogenase 
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(mtALDH) (Liu et al., submitted). Subsequently, rf2a sequences were to assist with the 
cloning of mtALDHs from tobacco (op den Camp and Kuhlemeier, 1997), rice (Nakazono et 
al., 2000), and Arabidopsis (Li et al., 2000). 
ALDHs catalyze the nearly irreversible oxidation of aldehydes to the corresponding 
carboxylic acid. Aldehydes are common by-products of a number of metabolic pathways, 
including the metabolism of vitamins, amino acids, carbohydrates, and lipids (Schauenstein 
et al., 1977). The resulting aldehydes are highly reactive molecules; because of its 
electrophilic nature an aldehyde s carbonyl group can attack cellular nucleophiles, including 
proteins and nucleic acids. The damaging effects of aldehydes have been well-studied in 
humans and include cytotoxicity, mutagenicity, and carcenogenicity. Therefore, the removal 
of aldehydes is essential for cellular survival. 
ALDHs have been widely studied in humans (for reviews see Lindahl, 1992; Yoshida 
et al., 1998), but relatively few studies have been conducted on the corresponding plant 
enzymes. In one study, mtALDHs isolated from potato tubers and pea epicotyls exhibited 
kinetic properties consistent with the in vivo oxidation of acetaldehyde, glycolaldehyde, and 
indolacetaldehyde (Asker and Davies, 1985). This study supported the observation that 
while some classes of ALDHs are highly substrate specific (e.g. betaine ALDH and 
glyceraldehyde-3-phosphate dehydrogenase), others, including the z/2a-encoded mtALDH 
(Liu et al., submitted), exhibit broad substrate specificities. 
The specific pathway(s) within which plant ALDHs act is an area of considerable 
interest because rfla is the first, and to date only, nuclear restorer of fertility gene to be 
cloned from any species. To better understand the roles of ALDHs in plants, six additional 
ALDH genes from maize and Arabidopsis were cloned. All five of those that were 
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functionally characterized display ALDH activity. Phylogenetic and computational analyses 
were used to reconstruct the origins of gene duplications and to predict those amino acids 
responsible for functional differences among classes of ALDHs. 
METHODS 
Nomenclature 
A nomenclature based on sequence similarity has been developed for eukaryotic ALDH 
genes (Vasiliou et al., 1999; http://www.uchsc.edu/sp/sp/alcdbase/aldhcov.html). In this 
nomenclature the first number and letter indicate a family and subfamily, respectively; 
the final number identifies an individual gene within a subfamily. 
Although the existing trivial names will be used in the body of this report, the official 
designations are listed here to facilitate comparisons across taxa. 
According to the new nomenclature, the maize rJ2a (Cui et al., 1996); rjlb, rJ2c and 
rjld genes encode the ALDH2B1, ALDH2B6, ALDH2C2, and ALDH2C3 proteins, 
respectively. The Arabidopsis genes previously designated ALDH la, ALDH2a and ALDH2b 
by Li et al., 2000 (and which are equivalent to AtALDH2, AtALDHl and AtALDH3 in the 
Schnable laboratory nomenclature) encode proteins designated as ALDH2B4, ALDH2C4 
and ALDH2B7, respectively. The tobacco gene TobAldh2a (op den Camp and Kuhlemeier, 
1997) is equivalent to ALDH2B2. New designations have not yet been obtained for the rice 
ALDH genes (Li et al., 2000; Nakazono et al., 2000). In this report the prefixes Zm (Zea 
mays), Os (Oryza saliva), Nt (Nicotiana tobactm) and At {Arabidopsis thaliana) have been 
added to gene symbols or protein designations when required for clarity. 
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Cloning of ALDH Genes 
The sequences of rf2a cDNA (GenBank Accession U43082) and genomic (GenBank 
Accession AF215823) clones have been described previously (Cui et al., 1996; Cui et al., 
submitted). A full-length cDNA clone of rf2b was obtained from a C131A root plus shoot 
cDNA library provided by Monica Frey and Alfons Gierl (Technische Universitat Munchen, 
Garching, Germany) by screening with the cDNA insert from prf2a\ A full-length clone of 
rf2c was obtained from a W22 immature tassel cDNA library provided by Alejandro 
Calderon and Steven Dellaporta, (Yale University) by screening with the cDNA insert from 
p0016.ctsad3 lr. A full-length rf2d cDNA clone (prf2d-exprAlO) was obtained from B73 
seedling leaf total RNA using the GeneRacer" kit in combination with primers developed 
from p0l04.cabau70r (Invitrogen, Carlsbad, CA). 
Genomic clones that span the entire coding regions of rflb (tj2bX#25) and rf2c 
(rf2cX#5-l) and a genomic clone that includes most of rf2d (rf2dX#21-l) were isolated from 
a XDASHII B73 genomic DNA library obtained from John Tossberg (Pioneer Hi-Bred, Intl. 
Inc., Johnston, IA). Overlapping genomic DNA fragments for each X clone were subcloned 
into the pCSOS-72 vector and sequenced using the TNI000 system (Gold Biotechnology, St. 
Louis, MO). The resulting subclones were: rf2b pTN6, pTN20, pTN22, pTN24, pTN33, 
pTN38, pTNS7, and pTNS36; rf2c pCSOS/cBBS.O, pCSOS/cXX4.8, and pCSOS/cBN4.2; 
rf2d pCSOS/dP4.8 and pCSOS/dS3.3. 
Arabidopsis genomic DNA sequences for AtALDHla (PI clone MOB24; GenBank 
Accession AB020746), AtALDH2a (BAC clone T17F15; GenBank Accession AL049658), 
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and AtALDH2b (BAC clone F508; GenBank Accession AC005990) were obtained from the 
Arabidopsis Genome sequencing project (Arabidopsis Genome Initiative, 2001). 
Genetic mapping 
The mapping of rf2a was described previously (Wise and Schnable, 1994). The positions of 
rflb, rJ2c, and rf2d were defined via RFLP mapping of the Ben Burr recombinant inbred 
lines (Burr et al., 1988). The full-length cDNA insert from pRB73 was used to map the rf2b 
locus, while the rf2c and rf2d loci were mapped using partial cDNA inserts from 
pOO 16.ctsad31 r and p0104.cabau70r, respectively. 
Computational Analyses 
Figure 2.1 was prepared by first aligning ALDH amino acid sequences using ClustalX 1.62b 
(Thompson et al., 1997) and then generating a neighbor-joining tree from 465 sites using 
version 1.00 of MEBoot. Gaps were deleted and distances estimated using the Poisson 
method. The neighbor-joining tree was then bootstrapped using 1000 replicates. 
A multiple alignment of amino acid sequences of the 11 plant ALDHs shown in 
Figure 2.1 was created using ClustalX 1.62b. After trimming signal sequences, a neighbor-
joining tree was prepared using Paup4bl (Swofford, 2000); all of the bootstrapping values 
were larger than 50%. After trimming gaps in the sequences, version 1.01 of the Gu99 
software (Gu, 1999) was used to obtain the expected number of amino acid substitutions at 
each site and to then calculate the coefficient of functional divergence 6, which is the 
probability that the evolutionary rate at a site is statistically independent between two gene 
clusters. 
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Pair-wise alignments of sequences were determined using the Wisconsin GCG 
software package Version 10.0-UNIX from the Genetics Computer Group, Inc. 
Primers 
All primers were synthesized by the Iowa State University Nucleic Acid Facility (Ames, IA): 
rf2b5: 5' AGCTAGCACCGCACCGGCAT 3' 
rf2c-expr: 5' CGAGGCTAGCATGGCGACTGCGAAC 3' 
rf2d-expr: 5' CG AGGCT AGC AT GGCG AGC AACGGC 3' 
rf2bl: 5'° ATT GGCCCT GGTT G A AG A AG AC 3' 
rf2c-rev 1 : 5' AATCCCGGCACGACGTTGAG 3' 
rf2d-1011L: 5' T G AAG A AG AC GGCAAGCCTC 3' 
Al 17b.U: 5' C AAC AT AT G ACCT CTT CT GCT GCTGC 3' 
Al 17b.L: 5' TCGGAGCTCTTCGCTGTGTTTCT 3' 
A217b.u: 5' ACTC AT ATGG AG AACGGC AAATGCAA 3' 
A2ETL: 5' T C AGG AATT CCCGCTT CTTTT G AG AG 3' 
Production of expression constructs 
The construction of pMAPl 1 which expresses r/2a has been described previously (Liu et al., 
submitted). A similar approach was used to generate expression constructs for rflb, rf2c, and 
rf2d. Specifically an Nhel restriction site was introduced into the appropriate cDNA at either 
the predicted cleavage site of the predicted mitochondrial targeting sequence (rf2b) using the 
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primer rf2b5, or at the start codon (rf2c and r/2cf) using primers rf2c-expr and rf2d-expr, 
respectively. 
To create the rf2b expression construct, the PGR product derived from the 
amplification from the full-length cDNA clone pRB73 using primersrf2b5 and rf2b 1 was 
digested with Nhel and HindiII and ligated into the NheI and Hindlll sites of pET 17b 
(Novagen, Madison, Wl), thereby generating pNH2. pNH2 was then digested with Hindlll 
and BamWl and the fragment containing the vector backbone was rescued and ligated with a 
1.0 kb pRB73 Hindlll-BamHl fragment, resulting in the expression construct pRB!7. 
To create the rf2c expression construct, the PGR product derived from the 
amplification from the full-length cDNA clone pBSK+/3-l#3 with primers rf2c-expr and 
rf2c-revl was digested with Nhel and BamWl to release a 0.2 kb fragment. This fragment was 
ligated into the Nhel-EcoRl sites of pET 17b along with a 1.5-kb BamHl-EcoRl 3' restriction 
fragment from pBSK.+/3-l#3, thereby creating the expression construct prf2c-expr#22. 
To create the rf2d expression construct, the PGR product derived from the 
amplification from clone prf2d-TOPOB6 (a product of 5 RACE) with primers r£2d-expr and 
rf2d-1011L was digested with Nhel and Sacl to release a 0.8 kb fragment. This fragment was 
ligated into the Nhel and Xhol sites of pET 17b along with the 1.0-kb Sacl-Xhol fragment 
from the partial cDNA clone p0104.cabau70r, thereby creating the expression construct 
prf2d-exprAl0. 
To create the AtALDHla expression construct, a 0.7-kb PGR product was amplified 
from the full-length cDNA clone pTJ311 using primers A21 Tb.u and A2ETL. This PGR 
product was then purified, digested with Ndel and EcoRl, and subcloned into the 
corresponding restriction sites of pET17b. The 0.95-kb fragment obtained by digesting 
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pTJ311 with £co RI and Nod was then cloned into the plasmid that contained the 0.7-kb PCR 
product to create the expression construct pA217b. 
To create the AtALDH2a expression construct, a 0.3-kb PCR product was amplified 
from the full-length cDNA clone pAT6 using primers Al 17b.U and Al 17b.L and digested 
with NdeI and Sacl. This fragment was cloned into the corresponding sites of pETl 7b. The 
l.3-kb Sacl-BamHl fragment obtained by digesting pAT6 with Sacl and BamHl was ligated 
to the pETlTb-derived clone that contained the 0.3 kb PCR product to create the expression 
construct pAl 17b. 
All of these PCR amplifications were performed using high fidelity Taq polymerase 
(Life Technologies, Rockville, MD) and the amplified portions of all expression clones were 
sequenced to identify PCR-induced mutations. 
E. coli complementation studies 
The E. coli strain JAl 11 carries a mutation in an ALDH gene that makes it unable to grow on 
media in which 1,2-propanediol is the sole carbon source (Hidalgo et al., 1991). E. coli strain 
JAl 11(DE3) contains the recombinant lambda DE3 phage (Novagen, Inc., Madison, WI) 
which carries a T7 RNA polymerase gene under the control of the lacUV5 promoter (Liu et 
al., submitted). Plasmid pALD9 contains an E. coli ALDH that is able to complement 
JAl 11(DE3) (Hidalgo et al., 1991). 
Plasmids expressing RF2A, RF2B, RF2C, RF2D, AtALDHla, and AtALDH2a were 
transformed by electroporation into JAl 11(DE3). The resulting cultures were grown on solid 
medium containing 100fig/mL ampicillin. Individual colonies from each transformation 
experiment were inoculated into liquid dyt medium containing 100 ug/mL ampicillin and 
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grown overnight with shaking. Ten |iL of each culture were then transferred into a fresh 1 
ml dyt with ampicillin and grown at 37°C for 2 hours. 10 (XL of each culture was then 
streaked on a basal medium (Boronat and Aguilar, 1979) supplemented with either 40 mM 
glucose or 40 mM 1,2-propanediol as the sole carbon source. Plates were scored after one 
day (glucose medium) or three to four days (1,2-propanediol medium) of growth at 37°C. 
ALDH Enzyme Assays 
Enzyme assays were performed on E. coli strain JAl 11 (DE3) harboring each of the ALDH 
expression constructs as described previously (Liu et al., submitted). Protein concentrations 
were measured using the Bio-Rad Protein Reagent concentrated dye solution according to the 
procedures recommended by the manufacturer (Hercules, CA). 
RESULTS 
Cloning of maize and Arabidopsis ALDH genes 
The rf2 gene was cloned using a transposon lagging strategy (Cui et al., 1996). During a 
cDNA library screen for rf2 (now termed rf2a) clones, weakly hybridizing plaques were 
observed. Subsequent purification and DNA sequencing of one of the corresponding partial 
cDNA clones (prf2a') revealed that it was derived from a gene distinct from, but closely 
related to rj2a. This gene was termed rf2b. 
A search of the DuPont/Pioneer EST database resulted in the identification of two 
additional classes of cDNA clones with reasonably high sequence similarities to rf2a and 
rf2b. These genes have been designated rj2c (Pioneer clone p0016.ctsad3 lr) and rf2d 
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(Pioneer clone p0104.cabau70r). Subsequently, full-length cDNA clones were obtained and 
sequenced for rf2b (pRB73; GenBank Accession AF348417), rj2c (pBSK+/3-l#3; GenBank 
Accession AF348413), and rf2d (prf2d-TOPOB6 and p0l04.cabau70r; GenBank Accession 
AF348415) via library screens and 5 RACE experiments. 
A BLAST search (Altshul et al., 1990) of Arabidopsis ESTs performed using the 
RF2A sequence as the query identified Arabidopsis ESTs derived from three genes, 
AtALDHla, AtALDH2a, and AtALDH2b. A full-length clone of AtALDH2a (pAT6; 
submitted to GenBank) and near full-length clones of AtALDHla (pAT7, GenBank 
Accession AA395226) andAtALDH2b (pAT4, GenBank Accession R83958) were obtained 
from the Arabidopsis Biological Resource Center. The 5 ends of the partial clones were 
used in cDNA library screens to obtain full-length clones of AtALDHla (pTJ311; submitted 
to GenBank) and AtALDH2b (pTJ313; GenBank Accession AF348416). 
Maize and Arabidopsis cDNA clones were also identified that exhibit substantial 
sequence similarity to fatty aldhyde dehydrogenases; these will be the subject of a 
subsequent report. 
Confirmation of ALDH Function 
The E. coli strain 3 (Caballero et al., 1983) can grow on media in which 1,2-
propanediol is the sole carbon source. It uses 1,2-propanediol as a carbon source by 
oxidizing 1,2-propanediol to L-lactaldehyde and subsequently oxidizing lactaldehyde to L-
lactate which can be converted to pyruvate and enter central metabolism (Boronat and 
Aguilar, 1979). E. coli strain JAl 11 differs from strain 3 in that it carries a mutation in a 
gene that encodes an ALDH capable of oxidizing L-lactaldehyde to L-lactate. Because of 
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this mutation, JAl 11 can not grow on media in which 1,2-propanediol is the sole carbon 
source (Hidalgo et al., 1991). 
To test whether the plant ALDH genes can complement this E. coli ALDH mutant, 
expression constructs containing the coding regions from rf2a, rf2b, rf2c, rf2d, AtALDHla, 
and AtALDH2a were produced and transformed into JAl 11(DE3). RF2A-, RF2C-, RF2D-, 
and AtALDHla-expressing cultures were able to grow on selective media (Figure 2.2). 
RF2B- and AtALDH2a-expressing cultures were not. Because the rJ2a, rf2c, rf2d and 
AtALDHla genes can complement the ALDH mutation carried by JAl 11, we conclude that 
these genes encode ALDHs. The finding that the rj2b and AtALDH2a genes can not 
complement this mutation suggests that either these genes do not encode functional ALDHs 
or that they are not able to utilize L-lactaldehyde as a substrate when expressed in E. coli. 
To settle the question of whether the rJ2b and AtALDH2a genes encode functional 
ALDHs and to explore the substrate preferences of this set of proteins, ALDH enzyme 
assays were performed on crude protein extracts from E. coli expressing RF2A, RF2B, 
RF2C, RF2C, RF2D, AtALDHla, and AtALDH2a. Glycolaldehyde and acetaldehyde were 
used as substrates in these experiments. All extracts, including RF2B and AtALDH2a, 
exhibited ALDH activity (Figure 2.3). Hence, it can be concluded that all of these genes 
encode functional ALDHs. 
Phylogenetic Relationships among ALDH Proteins 
The PSORT subcellular localization prediction program (Nakai and Kanehisa,1992) 
was used to test whether any of the ALDHs contain subcellular targeting signals. This 
program predicts with 92% certainty that the RF2A protein localizes to the mitochondrial 
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matrix. Subsequent subcellular fractionation experiments confirmed this prediction (Liu et 
al., submitted). PSORT also predicts to high certainty that RF2B, AtALDH2a, and 
AtALDH2b localize to the mitochondrial matrix. The predicted cleavage sites of the 
mitochondrial targeting sequences according to Sj ling and Glaser (1997) are after Phe 43 
(RF2B), Phe'4 (AtALDH2a), and Tyr34 (AtALDH2b). 
No subcellular localization predictions were obtained via PSORT analyses for RF2C, 
RF2D, or AtALDHla. mtALDHs are typically around 520 amino acids, while cytosolic 
ALDHs (cALDHs) are typically around 500 amino acids (Perozich et al., 1999). Consistent 
with the results from the PSORT analysis, RF2C and RF2D are considerably shorter than 
RF2A and RF2B. RF2C and RF2D consist of 503 and 512 amino acids, respectively, while 
RF2A and RF2B consist of 549 and 551 amino acids, respectively. In addition, the 
additional amino acids in RF2A and RF2B relative to RF2C and RF2D are located at the N-
termini of the proteins, the location of typical mitochondrial targeting sequences. This result 
in combination with the failure of PSORT to predict subcellular localizations for RF2C, 
RF2D, and AtALDHla have led us to putatively classify these proteins as cALDHs. 
Phylogenetic comparison of the maize and Arabidopsis ALDH gene families 
demonstrates that mtALDHs from maize and Arabidopsis group together with other 
predicted plant mtALDHs to the exclusion of the mammalian mtALDHs (Figure 2.1). 
Similarly, the predicted cytosolic forms (AtALDHla, RF2C, and RF2D) cluster together and 
are most similar to plant mtALDHs. These predicted cytosolic isozymes are equally 
divergent from both mammalian mtALDHs and mammalian cALDHs. 
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Conservation of Gene Structures 
The rf2a gene structure has been reported previously (Cui et al., submitted). Genomic clones 
that contain the rf2b (GenBank Accession AF348418), rf2c (GenBank Accession AF348412) 
and (GenBank Accession AF348414) loci were isolated from a B73 genomic library and 
sequenced. The structures of these genes were determined via comparisons to the sequences 
of the corresponding full-length cDNA clones. The gene structures of the AtALDHla, 
AtALDH2a, and AtALDH2b genes were determined via comparisons of the sequences of the 
full-length cDNAs with the corresponding genomic sequences obtained from the Arabidopsis 
genome project sequencing effort. 
Comparisons of the seven resulting gene structures revealed that in addition to being 
well conserved at the protein level (Table 2.1 ), the maize and Arabidopsis mtALDH and 
cALDH genes also exhibit a striking degree of conservation of intron/exon boundaries both 
within and between species (Figure 2 A).Origins of the maize ALDH genes 
The maize genome contains at least four ALDH genes. It is possible that some of these 
genes arose via the segmental allotetraploidization event that restructured the maize genome 
20 MYA (Gaut and Doebley, 1997; Gale and Devos, 1998; Moore, 2000). To test this 
hypothesis, the genetic map positions of the four genes were determined via RFLP mapping 
of recombinant inbred lines (Figure 2.5). If these duplications arose during the segmental 
allotetraploidization event, then it would be expected that the duplicate genes reside on 
syntenic regions of the genome. However, in most instances the ALDH genes do not map to 
syntenic regions. 
The single exception concerns the rf2d gene. The RFLP mapping experiments 
revealed that the rf2d probe hybridizes to DNA fragments derived from the long arms of 
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chromosomes 3 (major band) and 8 (minor band). The long arms of chromosomes 3 and 8 
are syntenic (Wilson et al., 1999; reviewed by Moore, 2000). The copy of rf2d on 
chromosome 3 (r£2dl) is closely linked to the rf2c locus. Even though no recombination 
events were observed between rf2c and rf2dl in any of the approximately 100 Ben Burr 
recombinant inbred lines (Burr et al., 1988), rf2dl is clearly distinct from rf2c because the 
rf2c and rf2d probes detect different Rf LPs. 
Sequence non-conformity in RF2D, AtALDHla, and AtALDH2b 
Protein sequence alignments identified four amino acid residues that are fully conserved 
across 145 diverse ALDHs (Perozich et al., 1999). These invariant residues are in regions of 
the ALDH proteins that are predicted to be involved in either the interaction of NAD+ with 
ALDH or the positioning of the catalytic nucleophile. An additional twelve residues are 
present in more than 95% of these 145 ALDHs (Perozich et al., 1999). Analyses of the 
positions of these twelve residues relative to the crystal structures of ALDH proteins (Liu et 
al., 1997; Steinmetz et al., 1997; Moore et al., 1998) suggest that these residues may be 
conserved due to their involvement in delineating secondary structure, interacting with 
NAD+, or catalytic activity. Each of these 16 residues is conserved in RF2A, RF2B, RF2C, 
and AtALDH2a. 
RF2D and AtALDHla exhibit similar conservation except at ALDH index position 
Arg25[166]. In this nomenclature the number in brackets designates the index position of a 
site within the alignment of the 145 ALDHs; Arg25 is the amino acid residue at that site in 
PDB ID: 1AD3. This site is equivalent to positions 100 and 89 in RF2D and AtALDHla, 
respectively. RF2D and AtALDHla both contain a Lys at index position 166 (Figure 2.6). 
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Even though Arg to Lys changes are generally considered conservative, the Arg at index 
position 166 is conserved in all but two of the 145 ALDHs. The two exceptions are an Q-
crystallin from squid and an E. coli ALDH which contain at index position 166 Leu and Asp 
residues, respectively. Because one of these proteins (the Q-crystallin from squid) is known 
to lack ALDH activity, RF2D and AtALDHla represent only the second and third instances 
of functional ALDHs that contain a non-conserved residue at index position 166. 
AtALDH2b contains a non-conserved Glu residue at ALDH index position 
Gly21 '[400] which is equivalent to position 303 in AtALDH2b. Because no biochemical 
characterizations have been performed on AtALDH2b, it is not known whether this protein is 
a functional ALDH. However, because five other ALDHs out of the 145 analyzed have 
polymorphisms at this site (Hempel et al., 1997), the existence of this polymorphism is not 
sufficient evidence to suggest that AtALDH2b is inactive. 
Functional Differences between mtALDHs and cALDHs 
If mtALDHs and cALDHs have different metabolic functions, then the set of those amino 
acids that vary between the two classes of isozymes would be expected to include those 
residues that confer functional differences. Inspection of a multiple alignment of the four 
mtALDHs and three cALDHs listed in Figure 2.1 revealed that 173 sites are fully conserved 
across all members. Thirteen sites are fully conserved within but not between the two clades; 
at five sites the R-group properties are conserved within but not between the two clades; 55 
sites are conserved within one clade, but vary in the other; 15 sites are conserved within one 
clade and differ from conserved R-group properties in the other clade; and 16 sites exhibit 
conserved R-group properties within one clade but vary in the other clade. 
Sites that are responsible for functional differences between mtALDHs and cALDHs 
are expected to exhibit rates of evolution that are statistically independent of the rate of 
evolution between members of the two clades. The probability that the evolutionary rate at a 
particular site is statistically independent between two gene clades is termed 6. Using an 
algorithm developed by Gu (1999), the values of 8 were determined for each residue in the 
comparison of plant mtALDHs and cALDHs. These analyses identified established that of 
491 residues analyzed, 315 (64%) had values of 6 less than 0.13; 120 (24%) had values 
between 0.13 and 0.18; and 51 (11%) had values between 0.18 and 0.35. Only five exhibited 
values of 8 greater than 0.4 (Arg 175, Hig339 Arg^73? Glu^^, and Thr^l). This residue 
numbering system is based on that of RF2A as shown in Figure 2.6. These specific residues 
correspond to index numbers 211,425,461, 487 and 612 in the alignment of 145 ALDHs 
(Perozich et al., 1999). Arg^5) ^339 Arg3?3, Glu-^88 are an conserved in plant 
mtALDHs but vary in cALDHs. All the cALDHs have a Ser at the position corresponding 
to the Thr491 position of RF2A. However, this site varies among mtALDHs. 
DISCUSSION 
Six ALDHs genes were cloned from maize and Arabidopsis. Five of the corresponding 
proteins have been enzymatically characterized. Each of these five proteins exhibits ALDH 
activity. A partial explanation for the presence of so many ALDH genes in plant genomes is 
the need to provide ALDH activity in various subcellular compartments. This need arises 
because although some aldehydes (e.g. acetaldehyde) are able to move from one subcellular 
compartment to another, the molecular sizes of others preclude their passive diffusion across 
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membranes. Therefore, organelles that contain pathways that generate aldehydes but that do 
not contain an ALDH could experience aldehyde-induced damage. 
Phylogenetic analyses indicate that the maize and Arabidopsis ALDHs cluster into 
two clades. One clade contains confirmed and predicted mtALDHs, the other predicted 
cALDHs. In this respect plants are similar to mammals and fungi. These observations are 
consistent with an ancient duplication that generated the cALDHs and the mtALDHs. 
However, plant mtALDHs are more similar to plant cALDHs than to mtALDH from 
mammals and fungi (Figure 2.1). Hence, it appears that either the gene duplications that 
generated the mtALDHs and the cALDH occurred independently within each lineage after 
the divergence of plants, animals and fungi or that gene conversion-like events that 
homogenized the mtALDH and cALDH sequences have occurred independently within each 
lineage. 
All studied plant genomes (maize, rice, Arabidopsis and tobacco) contain two 
confirmed or predicted mtALDHs (Figure 2.1 and data from op den Camp and Kuhlemeier, 
1997). If these mtALDHs arose via a single gene duplication that preceded the divergence of 
monocots and dicots, it would be expected that there would be more mtALDH sequence 
divergence within species than among species. However, the maize and rice mtALDHs are 
more similar to each other than to the Arabidopsis and tobacco mtALDHs, suggesting that 
the mtALDH genes arose via independent duplications after the divergence of monocots and 
dicots or that independent gene conversion-like events have homogenized the mtALDHs in 
the monocot and dicot lineages. The observation that the maize and rice ALDHs do not 
cluster by species suggests that this duplication occurred prior to the speciation of maize and 
rice. This result is consistent with the finding that the two maize mtALDHs do not map to 
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regions of the maize genome that were duplicated during the segmental allotetraploidization 
event. Because DNA gel blot experiments do not provide any evidence for the presence of 
additional sequences in the maize genome that have a high degree of sequence similarity to 
rJ2a or rf2b (data not shown), it can be concluded that either the mtALDH genes did not 
participate in the segmental allotetraploidization of the maize genome or that any 
duplications created via this process were subsequently lost. 
Maize contains multiple cALDH genes (rf2c, rfldl and rfldJ). The two of these 
genes for which there is evidence of expression (rflc and rf2dl) are very closely linked on 
the long arm of chromosome 3 (Gale and Devos, 1998). This mapping result suggests that 
the duplication of these cALDH genes occurred via a process unrelated to the segmental 
allotetraploidization event. Indeed, it appears that this tandem duplication preceded the 
divergence of maize and rice because two rice ALDH ESTs map to the region of the rice 
genome (Causse et al., 1994) that is syntentic with the long arm of the maize chromosome 3 
(Gale and Devos, 1998). One of these ESTs appears to have been derived from the 
OsALDHla gene described by Li et al. (2000); the other appears to be a close relative of 
OsALDHla. The existence of an OsALDHla relative is consistent with hybridization data 
from Li et al. (2000). 
In addition to tandem duplications, there is also evidence that the maize cALDH 
genes participated in the segmental allotetraploidization event. The second copy of rj2d is 
located on a region of the genome (the long arm of chromosome 8) that is known to be 
syntenic to the long arm of chromosome 3. As described above, the tandem duplication on 
the long arm of chromosome 3 appears to have arisen prior to the speciation of maize and 
rice. Following the segmental allotetraploidization event that presumably duplicated both of 
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the closely linked cALDH genes from the long arm of chromosome 3, the duplicate copy of 
rf2c on chromosome 8 was apparently lost from the genome. 
Gene duplications are thought to provide the raw material for functional innovations 
during evolution (Henikoff, 1997). For example, gene duplication permits one copy to 
maintain its original function, while the other copy is free to accumulate mutations that 
confer new functions (Ohno, 1970; Li, 1983). Indeed, unless this type of functional 
divergence occurs it is likely that over time all but one gene copy will be silenced by random 
mutations. Hence, that this inactivation has not occurred extensively in among plant ALDHs 
provides strong evidence for the existence of functional divergence among members of these 
gene families. 
The nature of this functional divergence is not known. One possibility is that the 
plant ALDHs encode enzymes with the same biochemical functions, but that accumulate at 
different times or places within the plant. In the absence of detailed expression data it is not 
currently possible to address this possibility. One of the ways that we are testing this 
hypothesis is by determining whether constructs that contain the regulatory regions of rf2a in 
combination with the coding regions of rf2b, rJ2c and rjlcl can complement the rf2a mutation 
in transgenic maize. 
An alternative, but not mutually exclusive, possibility is that the ALDH genes have 
accumulated polymorphisms in their coding regions that confer functional differences. In this 
context, functionality can refer to any number of features, including pH optimum, Km, Vmax, 
and Vcat that can influence metabolic function. 
Mammalian mtALDHs and cALDHs are known to exhibit significant differences in 
Km and Vmax for a variety of substrates (Klyosov, 1996). Inspection of a multiple alignment 
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revealed multiple sites that were better conserved in mtALDHs than in cALDHs, or vice-
versa, suggesting that plant mtALDHs and cALDHs might also exhibit different properties. 
Gu (1999) has developed an algorithm that can identify residues likely to be responsible for 
such functional differences. This algorithm is based on the expectation that residues that 
confer functional differences will experience different rates of evolution among clades, 8, 
than those sites that do not. 
Comparisons between plant mtALDHs and cALDHs revealed five residues (Arg^, 
His339, Arg373, Glu^^, and Thr^l) that exhibited high values of 6. Since the crystal 
structure of a mtALDH has been solved (Steinmetz et al., 1997) and used to thread the RF2A 
protein (Liu et al., submitted), the positions of these residues can be established in three-
dimensional space. All four of these high 8 residues (Arg 175, His^^, Arg373t qju388) are 
conserved among plant mtALDHs and are located around the periphery of the active site 
pocket on the mtALDH structure (Figure 2.7). Because these residues are bulky and/or 
charged, polymorphisms at these sites are likely to affect substrate binding characteristics. 
Hence, these data provide computational support for the hypothesis that like mammalian 
ALDHs, plant mtALDHs and cALDHs exhibit functional differences. We are currently 
testing this hypothesis via biochemical experiments. 
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Table 2.1 Comparison of amino acid identity and similarity for the maize and 
Arabidopsis ALDHs. Numbers in shaded and non-shaded boxes represent amino acid 
similarities and identities, respectively. 
RF2A RF2B RF2C RF2D 
At 
ALDH 
la 
At 
ALHD 
2a 
At 
ALDH 
2b 
RF2A - 83.4 68.6 69.4 67.8 82.9 83.9 
RF2B 78.7 - 68.6 68.4 67.0 80.6 79.4 
RF2C 59.0 60.0 - 80.9 76.3 68.3 66.0 
RF2D 59.2 58.3 72.2 - 77.0 68.0 63.6 
AtALDHla 56.2 55.9 67.9 68.1 - 67.4 64.3 
AtALDHZa 76.4 74.0 57.7 57.9 57.9 - 80.7 
AtALDH2b 78.8 73.1 56.6 54.1 54.5 75.1 -
47 
97 
89 
96 , 
100 I 
97 
100 
100 
100 | 
Ji— II» 
94*— R« 
HIAI.DI12 
LiALDHî 
bALDII2 
HsAl.DHIHI 
100 I—HLV.nillAI 
llsAI.DIIlAI 
-llsAl.nillAA 100 
I 
E 
100 
—ft 100 I 
100 
CKAi.niiiii 
| ZnUtFIA | 
"1 ZmRF2B 1 
— OALDII2» 
-NtALCllll 
•—MjALDIUbJ 
fKAl.nilla 
I y.raknc | 
-ScALDIIlDl* 
-ScAl .1)1111)2 
IDf» amino acids change per silc 
] 
] 
] 
Mammalian mlALDHs 
Mammalian cALDHs 
Plant mtALDHs 
Plant cALDHs 
•Sc.VLDIIIFI 
| Yeast mtALDH 
— Yeast cALDH 
Figure 2.1 Phylogenetic tree of selected ALDHs. The tree was constructed using the 
MEBoot program. A neighbor-joining tree was initially used and 1000 bootstrap replicates 
were conducted using 456 amino acid sites. Bootstrap values above 50% are indicated at 
each node. At, Arabidopsis thaliana; Bt, Bos taums; Hs, Homo sapiens; Nt, Nicotiana 
tabacum; Os, Oryza sativa; Rn, Rattus norvégiens; Se, Saccharomyces cerevisiae; Zm, Zea 
mays; mtALDH, mitochondrial ALDH (actual or predicted); cALDH, cytosolic ALDH 
(actual or predicted). Boxed ALDHs were characterized in this study. GenBank and 
SwissProt Accessions for ALDHs used in this study: BtALDH2, P20000; HsALDH2, 
AAA51693; RnALDH2, S03564; HsALDHlBl, XP_005402; BtALDHIAl, AAA74234; 
HsALDHIAl, AAA51692; HsALDHlA6, AAA79036; OsALDH2b, AB044537; ZmRF2A, 
U43082; ZmRF2B, AF348417; OsALDH2a, AB030939; NtALDH2a, Y09876; AtALDH2b, 
(Submitted to GenBank); AtALDH2a, AF348416; OsALDHla, AB037421; ZmRF2C, 
AF348413; ZmRF2D, AF348415; AtALDHla, (Submitted to GenBank); ScALDHlDl, 
AAB01220; ScALDHlD2, P46367; ScALDH IF, AAB01219. 
48 
Figure 2.2 The #/2«, rf2c, and AtALDHIa genes can complement an E. coli ALDH 
mutant. Expression constructs containing the rJ2a, rflb, rf2c, AtALDHIa, and AtALDHIa 
genes were each transformed into JA111 (DE3) to assess complementation on basal media 
containing glucose (left plate) or ^-propanediol (right plate) as the sole carbon source. For 
both plates: Section 1, JA111 (DE3) pMAPl 1 (//2a); Section 2, JA111 (DE3) pRB17 (rf2b)\ 
Section 3, JA111 (DE3) prf2c-expr#22; Section 4, JA111 (DE3) prf2d-exprA7; Section 5, 
JA111 (DE3) pAl 17b (AtALDH2a); Section 6, JAlll (DE3) pA217b (AtALDHIa); Section 
7, JAlll (DE3) pALD9 (positive control); Section 8, JAl 11 (DE3) pETlTb (negative 
control). 
49 
A.) Acetaldehyde 
120 
100 
8 0  
60 j 
40 -
20 
0 
r-» 
I • 
+—+ 
• i 
40 56 
i i i i i i i 
72 88 104 120 
Time (seconds) 
— RF2D 1 
— RF2A 
RF2C j 
-S - AlALDHIa 
* -RF2B 
• AIALDH2» 
+ - AlALDHIb 
- • - pETITb 
136 152 
B.) Glycolaldehydc 
=) 
« 
160 
140 
120 
100 
80 
60 
40 
20 
0 
* 1 r? +—+—+ + + 
40 56 72 
-o e—•— • ° 
• RF2A 
« - RF2D 
-A - RF2C 
X RF2B 
* Al ALDH I» 
-• — AtALDHIa 
+ - AUXLDH2h 
-• - pETITb 
88 104 120 
Time (seconds) 
136 152 
Figure 2.3 RF2B, RF2C, RF2D, AtALDH2a and AtALDHIa all exhibit ALDH 
activity. Crude extracts of E. coli expressing recombinant RF2B, RF2C, RF2D, 
AtALDH2a, AtALDHIa protein or containing the empty vector pET17b were 
assayed for ALDH activity on acetaldehyde (Panel A) and glycolaldehydc (Panel B). 
RFU, relative fluorescence units at 460 nm. 
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Figure 2.4 Gene structures of the ALDH genes of maize and Arabidopsis. Exons are 
represented by gray boxes. Horizontal lines represent 5' non-coding, 3' non-coding, or 
intronic sequences. The position of a retrotransposon insertion in rf2a is indicated by an open 
triangle. Start and stop codons are denoted by the vertical bars in exons at the 5' and 3' ends 
of the gene, respectively. 
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Figure 2.5 Genetic mapping of maize ALDH genes. rf2a was mapped as described 
previously (Wise and Schnable, 1994). rf2b, rJ2c, and rf2d were mapped using the Ben Burr 
recombinant inbred lines (Burr et al., 1988). Chromosome arms are indicated above each 
vertical line. Distances between markers are indicated in cM. 
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Figure 2.6 ALDH gene family protein alignment. Asterisks above the alignment 
represent identical residues for the corresponding ALDH index position. Hyphens 
designate gaps introduced to optimize alignments. Boxes around the residues 
represent positions conserved in >95% of analyzed ALDH sequences (Perozich et al., 
1999). Arrows indicate positions predicted to be responsible for functional 
differences between plant mtALDHs and cALDHs. 
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Figure 2.7 Residues predicted to be responsible for functional differences between 
mtALDHs and cALDHs. This three-dimensional structure of RF2A was predicted using 
SWISS-MODEL (Guex and Peitsch, 1997) using bovine mtALDH (Protein Data Bank 
number 1AG8) as a template. The stereo images were prepared using MOLMOL (Koradi et 
al., 1996). Residues Arg^, His^^, Arg^^, Glu"^, and Thr^ in the RF2A sequence 
are equivalent to amino acid index numbers 211,425,461,487 and 612 (Perozich et al., 
1999), respectively. 1AG8 is a homotetramer; only one subunit is illustrated here. 
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CHAPTER 3 
Mitochondrial Aldehyde Dehydrogenase Activity Is Required for 
Male Fertility in Maize 
A paper published in the Plant Cell1 
Feng Liu,a b'2 Xiangqin Cui,ab'2 Harry T. Homer/ Henry Weiner,d and Patrick S. 
Schnableabef 
ABSTRACT 
Some plant cytoplasms express novel mitochondrial genes that cause male sterility. Nuclear 
genes that disrupt the accumulation of the corresponding mitochondrial gene products can 
restore fertility to such plants. The Texas (T) cytoplasm mitochondrial genome of maize 
expresses a novel protein, URF13, that is necessary for T cytoplasm—induced male sterility. 
Working in concert, functional alleles of two nuclear genes, rfl and rf2, can restore fertility 
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to T cytoplasm plants. Rfl alleles, but not Rf2 alleles, reduce the accumulation of URF13. 
Hence, RJ2 differs from typical nuclear restorers in that it does not alter the accumulation of 
the mitochondrial protein necessary for T cytoplasm-induced male sterility. This study 
established that the rf2 gene encodes a soluble protein that accumulates in the mitochondrial 
matrix. Three independent lines of evidence establish that the RF2 protein is an aldehyde 
dehydrogenase. The finding that T cytoplasm plants that are homozygous for the rf2-R213 
allele are male sterile but accumulate normal amounts of RF2 protein that lacks normal 
mitochondrial aldehyde dehydrogenase (mtALDH) activity provides strong evidence that rf2-
encoded mtALDH activity is required to restore male fertility to T cytoplasm maize. 
Detailed genetic analyses have established that the rJ2 gene also is required for anther 
development in normal cytoplasm maize. Hence, it appears that the rf2 gene was recruited 
recently to function as a nuclear restorer. ALDHs typically have very broad substrate 
specificities. Indeed, the RF2 protein is capable of oxidizing at least three aldehydes. Hence, 
the specific metabolic pathway(s) within which the z/2-encoded mtALDH acts remains to be 
discovered. 
INTRODUCTION 
Maternally inherited cytoplasmic male sterility (CMS) occurs in many plant species and is 
widely used to facilitate the production of hybrid seed because it eliminates the need for 
emasculation by hand. Mitochondrial defects account for all instances in which the nature of 
the lesion responsible for CMS has been identified (reviewed by Mackenzie et al., 1994; 
Schnable and Wise, 1998). In many species, the deleterious effects of these mitochondrial 
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defects can be avoided or overcome by the action of nuclear genes, termed nuclear restorers. 
However, the specific mechanisms by which restoration can occur are only poorly 
understood. 
The male-sterile Texas (T) cytoplasm (cms-T) was used to produce approximately 85% 
of U.S. hybrid maize seed until the 1970 epidemic of southern corn leaf blight (Ullstrup, 
1972; Pring and Lonsdale, 1989). cms-T maize is highly sensitive to a host-selective toxin 
(T toxin) produced by race T of Cochliobolus heterostrophus, the causal organism of 
southern com leaf blight (Hooker et al., 1970; Comstock and Scheffer, 1973; Yoder, 1973). 
The genomes of T cytoplasm mitochondria contain a unique mitochondrial gene, urf!3, that 
encodes the URF13 protein. URF13 accumulates in the inner membrane of the mitochondria 
(Forde and Leaver, 1980; Dewey et al., 1986; Wise et al., 1987a; Hack et al., 1991; Korth et 
al., 1991; Levings and Siedow, 1992) and is believed to be responsible for both the 
sensitivity to T toxin and the male sterility of cms-T maize (reviewed by Levings, 1990, 
1993; Wise et al., 1999). The URF13 protein accumulates in many tissues of cms-T maize 
plants. However, in the absence of T toxin, the only severely affected tissue is the tapetal 
cell layer of the anthers, which undergoes a premature degeneration at the early microspore 
stage, resulting in pollen abortion (Warmke and Lee, 1977). 
The combined action of two dominant alleles of two nuclear genes, rfl and rf2, restores 
the male fertility of cms-T maize (reviewed by Wise et al., 1999). Neither of these restorers 
alters the sensitivity of cms-T maize to T toxin. The function of the rfl gene in restoration 
relates to its ability to modify the expression of urfl3, thereby reducing the accumulation of 
URF13 (Dewey et al., 1987; Kennell and Pring, 1989). 
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As a first step toward determining its function in fertility restoration, the rf2 gene was 
cloned via transposon tagging (Cui et al., 1996). The //2-encoded protein, RF2, contains a 
predicted mitochondrial targeting sequence and exhibits approximately 60% identity and 
75% similarity to class II mammalian mitochondrial aldehyde dehydrogenases (mtALDHs). 
ALDHs are a family of NAD(P)+-dependent enzymes that catalyze the oxidation of 
numerous aldehydes (reviewed by Lindahl, 1992; Yoshida et al., 1998). A large number of 
ALDHs have been characterized in mammals, yeast, insects, and bacteria (reviewed by 
Perozich et al., 1999). In mammals and yeast, the class I (a cytosolic form) and class II (a 
mitochondrial form) isozymes have been particularly well characterized (Lindahl, 1992; 
Wang et al., 1998). According to recently revised nomenclature (Vasiliou et al., 1999), the 
rf2 gene is equivalent to ALDH2B1. Only a few studies of plant class II mtALDHs have 
been reported (Asker and Davies, 1985; Osakovskii et al., 1992; op den Camp and 
Kuhlemeier, 1997). Although plant betaine ALDHs have been subjected to fairly intensive 
study (Vojtechova et al., 1997), these enzymes are only distantly related to class II 
mtALDHs. 
The primary functions of ALDHs are believed to be the detoxification of ethanol-derived 
acetaldehyde and the oxidization of aldehydes derived from biogenic polyamines (Lindahl 
and Petersen, 1991). Based on the presence of indoleacetaldehyde dehydrogenase activity in 
cell-free extracts from mung bean seedlings (Wightman and Cohen, 1968), it has been 
suggested that ALDHs may be involved in the production of the plant hormone indole-3-
acetyl acetate (Marumo, 1986). However, this biochemical reaction also can be catalyzed by 
an aldehyde oxidase (Rajagopal, 1971). 
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Most maize inbred lines carry functional Rf2 alleles, even though they have never been 
exposed to T cytoplasm. This suggests that the RF2 protein has an important physiological 
role other than restoring male fertility to plants that carry T cytoplasm (Schnable and Wise, 
1994). In this report, we demonstrate that the RF2 protein is, as predicted (Cui et al., 1996), 
a mtALDH that accumulates in most organs. In addition, we demonstrate that this mtALDH 
activity is required for normal anther development not only in T cytoplasm maize but also in 
normal (N) cytoplasm maize. 
RESULTS 
RF2 Accumulation in Maize 
The rJ2 cDNA was cloned into the expression vector pET-30b, and the resulting plasmid, 
pLB333, was expressed in E. coli. The His-tagged recombinant RF2 protein was purified to 
homogeneity and used as an antigen to inject rabbits. Affinity-purified anti-RF2 polyclonal 
antibodies were used for immunoblot analyses. These analyses revealed that the RF2 protein 
accumulates in most organs examined, including seedling and mature leaves, mesocotyls, 
roots, tassels, ears, and stems (Figure 3.1 A). However, the levels of RF2 accumulation 
varied among these organs, and it was not detectable in mature dried kernels (data not 
shown). A weak hybridization signal can be detected in protein preparations from some, but 
not all, tissues from plants homozygous for the rf2-m8904 allele, suggesting either that this 
allele is not completely null or that the purified antibody can recognize a closely related 
protein. There is no significant difference in the accumulation of RF2 protein between 
seedlings that carry N or T cytoplasm (Figure 3.IB), nor is there a significant difference in 
RF2 protein accumulation between seedlings homozygous for rfl or Rfl (data not shown). 
The inbred line R213 is homozygous for the rf2 reference allele (rf2-R2l3). Even though 
this allele does not restore male fertility to T cytoplasm plants, the inbred line R213 
accumulates RF2 protein at levels indistinguishable from those seen in the inbred line FCy21 
(Figure 3.IB). 
RF2 Is a Mitochondrial Protein 
Various computational analyses (Nakai, 1991) of the predicted RF2 protein suggest that it is 
targeted to mitochondria. To determine the subcellular localization of the R.F2 protein, 
chloroplastic, microsomal, cytosolic, and mitochondrial fractions were prepared by 
differential centrifugation or by Percoll density centrifugation. Chlorophyll content and 
catalase, alcohol dehydrogenase, and cytochrome c oxidase activities were used as markers 
for these four fractions. These assays demonstrated that the mitochondrial fraction was not 
significantly contaminated by proteins from other organelles or the cytosol (Table 3.1). 
Immunoblot analyses revealed that the RF2 protein is present primarily in the mitochondrial 
fraction (Figures 3.2A and 3.2B). Furthermore, when isolated mitochondria were incubated 
with papain, in the presence of Triton X-100 the RF2 protein was digested, and in the 
absence of Triton X-100 the RF2 protein was resistant to papain digestion (Figure 3.2C). 
This result indicates that the RF2 protein is located within the mitochondrion and not simply 
associated with its outer surface. Purified mitochondria were further fractionated into soluble 
and insoluble fractions. Cytochrome c oxidase (Errede et al., 1967) and malate 
dehydrogenase (Rocha and Ting, 1970) activities were used as markers for mitochondria 
membrane and matrix proteins, respectively. More than 98% of the cytochrome c oxidase 
activity was found in the insoluble fraction, whereas malate dehydrogenase activity was 
found exclusively in the soluble fraction. These results indicate that the insoluble fraction 
contains mitochondrial membrane proteins and that it has no detectable level of 
contamination by matrix proteins. Similarly, the soluble fraction contains mitochondrial 
matrix proteins and is not significantly contaminated by mitochondrial membrane proteins. 
Immunoblot analyses of these soluble and insoluble mitochondrial fractions revealed that 
RF2 is a matrix protein (Figure 3.2D). 
Assuming that the translation of the RF2 protein begins at the first methionine codon in 
the cDNA, its predicted molecular mass would be 59.4 kD. However, the RF2 protein 
contains a predicted mitochondrial targeting sequence 
(MARRAASSLVSRCLLARAPAGAPPAAPSAPRRTVPADGMHRLLPGVLQRFS) whose 
predicted cleavage site is Leu42 or Ser51 (underlined). If the predicted mitochondrial 
targeting sequence is cleaved at one of these sites, the molecular mass of the mitochondrial 
RF2 protein would be 55.3 or 54.1 kD, respectively. On the basis of SDS-PAGE analysis, 
the RF2 protein isolated from mitochondria was estimated to be 53.2 kD (data not shown). 
These data demonstrate that the RF2 protein is translated as a precursor that is processed 
after import into the matrix space. These data are consistent with either Leu42 or Ser51 being 
the cleavage site, because SDS-PAGE analysis cannot provide the level of resolution 
required to determine the actual cleavage site. Hence, it will be necessary to conduct N-
terminal sequencing to determine the actual cleavage site. 
Immunolocalization experiments revealed that the accumulation of the RF2 protein is 
substantially greater in the cells of the tapetum than in other cell layers of the anther wall 
during the premeiosis stage (Figure 3.3). This result is consistent with the massive 
accumulation of mitochondria that occurs in the tapetal cells between the premeiotic and 
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tetrad stages of microsporogenesis (Warmke and Lee, 1978). This result also suggests that 
during the premeiosis stage the amount of RF2 protein per mitochondrion may be higher in 
tapetal cells than other cells. This hypothesis is based on the observation that little RF2 
signal was observed in pollen mother cells even though the number of mitochondria per unit 
volume in pollen mother cells is about two-fold greater than that in tapetal cells during this 
stage (Warmke and Lee, 1978. 
Recombinant RF2 Exhibits ALDH Activity 
The predicted RF2 protein exhibits a high level of sequence similarity to ALDHs; however, 
the His-tagged recombinant RF2 protein produced by pLB333 did not exhibit ALDH activity 
(data not shown). This construct included a His tag, an S tag, and the predicted maize 
mitochondrial targeting sequence, any of which might interfere with ALDH activity. Hence, 
the rf2 cDNA was cloned into another expression vector, pET-17b, which does not include a 
His tag or an S tag, in such a way that the putative maize mitochondrial targeting sequence 
was removed and only two vector-derived amino acids were added in the N terminus of the 
RF2 protein. The resulting plasmid, pMAPl 1, was transformed into the E. coli strain 
BL21(DE3). Expression of RF2 was induced by isopropylthio-^-galactoside (1PTG) and 
examined via immunoblot analysis. Although most of the recombinant RF2 protein 
produced by these cells accumulated in inclusion bodies, the soluble fraction of the crude 
cellular extract accumulated levels of RF2 protein detectable via immunoblot analyses (data 
not shown). 
This soluble fraction was subjected to assays for ALDH activity in which the reduction of 
NAD+ to NADH was monitored with a fluorescence spectrophotometer at 460 nm. 
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Acetaldehye and glycolaldehydc were selected for these initial enzyme assays because 
acetaldehyde is a substrate in the fermentation pathway, which we have hypothesized may be 
involved in fertility restoration (Cui et al., 1996). Glycolaldehydc is structurally similar to 
lactaldehyde, which is not commercially available. Lactaldehyde is the in vivo substrate for 
the aldehyde dehydrogenase that is mutated in the JA11 l(DE3) strain of E. coli. When 
acetaldehyde was used as a substrate, ALDH activity was detected in extracts from 
BL21(DE3)pMAPl 1 (Figure 3.4). Control assays using extracts from BL21(DE3)pET-l7b 
showed no ALDH activity (Figure 3.4). When glycolaldehydc was used as a substrate, 
ALDH activity was detected in extracts from both BL21(DE3)pMAPl 1 and BL21(DE3)pET-
i 7b cells. This finding indicates that the BL21(DE3) strain contains endogenous 
glycolaldehydc dehydrogenase activity. However, the level of glycolaldehydc 
dehydrogenase activity was substantially greater in extracts from BL21(DE3)pMAPl 1 cells 
(Figure 3.4). These data demonstrate that the RF2 protein has both acetaldehyde and 
glycolaldehydc dehydrogenase activities. 
The rf2 Gene Can Complement an E. coli ALDH Mutant 
The E. coli strain 3 (Caballero et al., 1983) can grow on media in which 1,2-propanediol is 
the sole carbon source. To use this carbon source, strain 3 must first oxidize 1,2-propanediol 
to L-lactaldehyde, which is then further oxidized to L-lactate by an ALDH. L-Lactate is 
subsequently converted to pyruvate, which can enter central metabolism (Boronat and 
Aguilar, 1979). E. coli strain JAlll differs from strain 3 in that it carries a mutation in the 
aid gene that encodes an ALDH capable of oxidizing L-lactaldehyde to L-lactate. Hence, 
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unlike strain 3, strain JA111 is unable to grow on media in which 1,2-propanediol is the sole 
carbon source (Hidalgo et al., 1991). 
To determine whether rf2 can complement the aid mutant, JA111 was first lysogenized 
with XDE3, which carries the T7 RNA polymerase gene. This was done because rf2 
expression is under the control of the T7 promoter in pMAPl 1. The resulting strain 
JA111(DE3) exhibited the same inability to grow on media in which 1,2-propanediol is the 
sole carbon source as JA111 (Figure 3.5). Subsequently, the plasmids pMAPl 1, pET-17b, 
and pALD9 (a plasmid that carries the E. coli aid gene and that can complement the ald-
deficient mutant of JA111) were transformed into JA111(DE3). The ability of 
JA11 l(DE3)pMAPl 1 to express RF2 was tested using immunoblot analysis and ALDH 
activity assays (data not shown). All of the strains grew normally on glucose media, but only 
JA11 l(DE3)pALD9 and JAl 1 l(DE3)pMAPl 1 were able to grow on 1,2-propanediol media 
(Figure 3.5). This result indicates that the recombinant RF2 protein exhibits L-lactaldehyde 
dehydrogenase activity. 
It should be noted that the complementation analyses described above were performed in 
the absence of IPTG induction. This was because E. coli strain JAl 1 l(DE3)pMAPl 1 failed 
to grow on 1,2-propanediol media when induced with all tested levels of IPTG (0.5, 1.0, and 
1.5 mM). In contrast, £. coli cells that expressed the endogenous aid gene from the pALD9 
construct grew on 1,2-propanediol media under all tested levels of IPTG. Both cells could 
grow on glucose media containing various levels of IPTG. The reason for this discrepancy is 
not known. 
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ALDH Activity in Maize Mitochondrial Extracts 
To compare the enzyme activity of recombinant RF2 protein to that of the native RF2 
protein, ALDH assays were performed on protein extracts from maize mitochondria prepared 
from immature unpollinated ears of the inbred line Ky21 (which is homozygous for the 
functional RJ2-Ky21 allele) and a near-isogenic line homozygous for rf2-m8904. When 
acetaldehyde was used as a substrate, mtALDH activity was approximately four-fold to five­
fold greater in wild-type Ky21 plants than in mutant plants. When glycolaldehydc was used 
as a substrate, wild-type plants exhibited 16- to 34-fold greater levels of ALDH activity than 
mutants (Table 3.2, Figures 3.6A and 3.6B). These results demonstrate that, like the 
recombinant RF2 protein, the native RF2 protein exhibits acetaldehyde and glycolaldehydc 
dehydrogenase activities. The levels of ALDH activity were not significantly different in 
mitochondrial extracts from N and T cytoplasm plants (Table 3.2), which is consistent with 
the fact that the accumulation of RF2 protein does not differ between these genotypes (Figure 
3.1). ALDH assays of submitochondrial fractions revealed that ALDH activity is confined to 
the mitochondrial matrix (data not shown), which is consistent with the results of 
immunoblot analyses (Figure 3.2D). 
Molecular Lesion in the rf2-R2l3 Allele 
The inbred line R213 carries a mutant allele of rfl (rf!-RH3) that is not capable of restoring 
male fertility to T cytoplasm maize. Surprisingly, this inbred line accumulates RF2 protein 
(Figure 3.IB) of the same size and at the same level as does the inbred line Ky21, which 
carries a functional RJ2 allele. In addition, mitochondrial extracts from R213 exhibit a small 
amount of ALDH activity (data not shown). In contrast, a stock that is homozygous for rfl-
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R213 but near isogenic with Ky2l accumulates rj2 mRNA (Cui et al., 1996) and RF2 protein 
(data not shown) but does not exhibit ALDH activity (Figure 3.6C). Hence, it appears that 
the rf2-R2l3 allele does not code for a functional ALDH. 
To identify the molecular lesion in the rf2-R2l3 allele, the coding region of this allele 
was amplified via reverse transcription-polymerase chain reaction (PGR) and sequenced. 
Sequence analysis revealed that the rf2-R2l3 allele (GenBank accession number AF269064) 
has four single nucleotide polymorphisms (SNPs) relative to the wild-type rj2-B73 allele 
(GenBank accession number U43082). These polymorphisms introduce three amino acid 
substitutions (one SNP is a silent third position substitution). The RF2 protein structure was 
predicted using SWISS-MODEL (http://www.expasy.ch/swissmod; Guex and Peitsch, 1997) 
using as a template bovine mtALDH (Protein Data Bank number 1 AGS), which exhibits 62% 
identity and 70% similarity to RF2. The Asn400-to-Lys and the Ile522-to-Met substitutions in 
the rf2-R2l3 allele are both located at the periphery of the RF2 protein structure (Figure 3.7), 
whereas the Pro323-to-Ser substitution is located in the substrate binding pocket (Liu et al., 
1997; Steinmetz et al., 1997) and in the conserved catalytic Glu317 domain predicted by the 
Motifs function of the Genetics Computer Group (Madison, WI) package. The Asn400-to-Lys 
substitution mimics the functional bovine mtALDH, and the Ile522-to-Met substitution is 
conservative. In contrast, the mutation of Pro323-to-Ser is likely to greatly affect the protein 
structure. Hence, this substitution is most likely to be responsible for the loss of ALDH 
activity in the rf2-R2l3 allele. 
66 
The rf2 Gene Is Required for Normal Anther Development in N Cytoplasm Maize 
Most maize inbred lines carry functional RJ2 alleles, even though they have never been 
exposed to T cytoplasm. This suggests that the RF2 protein has an important physiological 
role other than restoring male fertility to plants that carry T cytoplasm (Schnable and Wise, 
1994). To characterize this physiological role of the rf2 gene, the effects on anther 
development of two independent transposon insertion mutant alleles, rf2-m8904 and rj2-
m9323, were characterized. These characterizations were performed on plants homozygous 
for these two alleles that were derived from three and four generations, respectively, of 
backcrossing to the inbred line N cytoplasm Ky21. The tassels of the backcrossed rf2-m 
plants exert anthers and shed functional pollen. However, various degrees of anther arrest 
(Figure 3.8) were observed in plants homozygous for these two alleles compared with the 
near-isogenic N cytoplasm Ky21 plants (Figure 3.8A). Arrested anthers were smaller than 
those at the same developmental stage in wild-type N cytoplasm Ky21 plants (data not 
shown) and failed to shed pollen. Arrested anthers were distributed evenly within affected 
tassels. 
A maize spike let consists of an upper and a lower floret, each of which contains three 
anthers. Anthers in the lower floret progress through development approximately 3 days 
after those in the upper floret of the same spikelet (Hsu and Peterson, 1991). When sections 
of spikelets from N cytoplasm rf2-m plants were observed microscopically, various defects 
were observed, from slightly affected microspores to completely degenerated microspores 
and shriveled locules. As expected based on the gross examination of spikelets, these defects 
are observed mainly in the anthers from lower florets (Figure 3.9). 
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To demonstrate that the anther arrest phenotype is caused by loss of RJ2 function, plants 
from a segregating population, resulting from the test cross (N) wx rf2-m8904lwx r/2-m8904 
x wx rf2-m8904!Wx RJ2-Ky21 were observed for anther arrest. Plants were categorized into 
five classes according to the severity of anther arrest (Figure 3.8). Among the progeny of 
this test cross, the anther arrest phenotype is well correlated with the waxy kernel phenotype, 
which serves as a marker for rf2 (data not shown). To further characterize the relationship 
between anther arrest and the rf2 mutation, some plants from the N, N, A, and AA 
categories (see Methods for a description of the categories) were genotyped at the rJ2 locus 
via restriction fragment length polymorphism (RFLP) analysis using the rf2 cDNA as a probe 
(98 6503-06 in Table 3.3). The ambiguous category A (Figure 3.8C) was not genotyped. 
All 38 plants from the N and N categories were heterozygous rj2-m8904!R/2-Ky2l, and all 
23 plants from the A and AA categories were homozygous for the rf2-m8904 allele. Similar 
results were obtained from a population segregating for the other tested rf2 mutant allele, rf2-
m9323. However, in this case, two exceptions were observed. Both exceptional plants were 
homozygous for rf2-m9323 but did not exhibit anther arrest (98 6509-10 in Table 3.3). 
These results indicate that either (1) the rf2 mutation is the cause of the anther arrest 
phenotype and the two exceptions in the population segregating for rf2-m9323 represent 
instances of incomplete penetrance or indicate the presence of a suppressing factor, or (2) the 
genetic factor that causes anther arrest is not rf2 but is closely linked to rf2. 
Two independent revertant (RJ2 *) alleles derived from the excision of the nonautonomous 
transposon insertion from the rf2-m8904 allele were used to distinguish between these two 
possibilities. Both of these revertant alleles, Rf2 '1036W103 and RJ2 '1036WI10, confer male 
fertility to plants that carry T cytoplasm. Because these two revertant alleles would be 
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expected to have exactly the same haplotype in the vicinity of the rf2 locus as the rf2-m8904 
mutant from which they arose, these alleles represent useful reagents for determining 
whether the anther arrest phenotype is controlled by rJ2 or a closely linked gene. 
Observation of 29 progeny from the cross (N) rf2-m89Q4lrf2-m8904 x 
Rf2 '1036W103/Rf2 '1036W 103revealed that all exhibited normal anther development. This 
revertant allele also was used to generate a segregating population from the test cross (N) wx 
rf2-m8904/wx rf2-m8904 x Wx rf2-R213/wx Rf2 '1036W103. All of the 9 resulting progeny 
that carried the revertant allele were normal, and 10 of 12 of the progeny that carried rj2-
m8904/rf2-R213 exhibited the anther arrest phenotype (99 6655-56 in Table 3.3). Similar 
results were obtained with the Rf2 'I036W110revertant allele (99 6657-58 in Table 3.3). 
Hence, these data demonstrate that R/2 function is required to prevent anther arrest in N 
cytoplasm plants. 
Partial ALDH Activity Causes Anther Arrest in T Cytoplasm 
Because the lack of r/2-encoded mtALDH activity causes complete male sterility in T 
cytoplasm plants but only partial anther arrest in N cytoplasm plants, we hypothesized that 
restoration of fertility to T cytoplasm plants requires more RF2 activity than does the 
prevention of anther arrest in N cytoplasm plants. To test this hypothesis, suppressible rj2 
Mu insertion alleles rf2-m9437, rf2-m9390, and rf2-m8110 were used to observe the 
phenotype associated with low, but not null, levels of RF2. Mu suppression is the loss of a 
Mz/-induced allele s capacity to condition a mutant phenotype in the absence of excisional 
loss of the associated Mu transposons (Martienssen et al., 1989). Many maize M/-induced 
mutant alleles, such as hcfl06::Mul, exhibit Mu suppression (Martienssen et al., 1989,1990; 
Barkan and Martienssen, 1991). Mu suppression occurs in the absence of high activity of the 
autonomous Mu transposon MuDR (Lowe et al., 1992; Greene et al., 1994; Martienssen and 
Baron, 1994). 
The suppressible rj7 alleles fail to condition male sterility in T cytoplasm plants in the 
absence of MuDR (X. Cui, A.P. Hsia, D A. Ashlock, R.P. Wise, and P.S. Schnable, submitted 
manuscript). Various degrees of Mu suppression can be obtained from these suppressible 
alleles when Mu activity is at intermediate levels. Plants that carry partially suppressed r/2-m 
alleles exert various numbers of anthers (from a few to almost all), some of which shed 
pollen (Figures 3.8G, 3.8H, and 3.81). Analysis of individual spikelets revealed that exerted 
anthers are always derived from the upper florets, whereas the anthers in most lower florets 
are arrested in their development. The /^-mediated anther arrest that occurs in these 
partially suppressed T cytoplasm plants closely resembles the arrest that occurs in N 
cytoplasm plants completely lacking RF2 activity. 
DISCUSSION 
CMS systems play important roles in the production of hybrid seed. In addition, they serve 
as useful models for the study of mitochondrial mutations and nucleus-mitochondria 
interactions (Mackenzie et al., 1994). Despite the considerable effort that has been directed 
toward understanding CMS systems, the rf2 gene remains the only nuclear restorer of CMS 
to be cloned from any species. As such, it represents a unique resource for the study of the 
molecular mechanisms associated with fertility restoration. 
CMS systems often are associated with the presence of novel mitochondrial open reading 
frames (Schnable and Wise, 1998). In at least some cases, it is known that the gene products 
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associated with these open reading frames cause male sterility (Gengenbach et al., 1981; 
Kemble et al., 1982; Umbeck and Gengenbach, 1983; Fauron et al., 1987; Wise et al., 1987b; 
He et al., 1996). Hence, nuclear genes that disrupt the normal accumulation of these gene 
products can function as nuclear restorers. Examples of this type of nuclear restorer include 
the Fr gene, which is capable of directing the loss of the CMS-associated pvs sequence from 
the Phaseolus vulgaris mitochondrial genome (MacKenzie and Chase 1990), and the rfl 
gene, which reduces the accumulation of the cms-T-associated URF13 protein (Dewey et al., 
1987; Kennell and Pring, 1989). In contrast, even though the rfl gene is a nuclear restorer of 
cms-T, it does not affect the accumulation of URF13. Hence, the analysis of the rf2 gene has 
defined another general mechanism by which nuclear genes can function as restorers. 
Instead of affecting the accumulation of CMS-associated gene products, compensatory 
restorers, such as rj2, provide work around solutions that compensate for the metabolic 
dysfunctions caused by CMS-associated gene products. 
The rf2 Gene Encodes a mtALDH 
The first two steps toward defining the mechanism by which rfl compensates for the as-yet-
undefined metabolic disruptions induced by URF13 were to determine the enzymatic 
function and the localization of the RF2 protein. The sequence-based prediction that the rf2 
gene encodes an ALDH (Cui et al., 1996) was tested via three independent approaches. First, 
it was established that recombinant RF2 protein has acetaldehyde and glycolaldehyde 
dehydrogenase activities. Second, the rf2 gene was shown to complement an E. colt mutant 
that requires L-lactaldehyde dehydrogenase activity. Third, protein extracts of mitochondria 
purified from wild-type maize plants were found to contain more acetaldehyde and 
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glycolaldehyde dehydrogenase activities than similar extracts from rf2 mutant plants. Hence, 
we conclude that the rfl gene encodes an ALDH. 
The accumulation of the RF2 protein to high levels in the tapetal layer of anthers is 
consistent with the observation that premature degeneration of the tapetum occurs in 
unrestored cms-T plants (Wamke and Lee, 1977). Subcellular and suborganellar 
fractionation experiments established that the RF2 protein accumulates in the mitochondrial 
matrix and thereby have confirmed and extended the sequence-based predictions of Cui et al. 
(1996). 
mtALDH Activity Is Required for Fertility Restoration of cms-T Maize 
The results described above establish that the rfl gene encodes a mtALDH. However, it is 
formally possible that some feature of the RF2 protein, other than its ALDH activity, is 
responsible for its ability to function as a restorer. For example, the ALDH-derived co-
crystallin lacks ALDH activity and functions as a structural protein in the lens of squid and 
octopus (Zinovieva et al., 1993). Analysis of a spontaneous rfl mutant allele provided data 
to test this hypothesis. Plants homozygous for rfl-RH3 accumulate mRNA (Cui et al., 1996) 
and protein (Figure 3. IB) of the same sizes and in the same amounts as do nonmutant plants. 
However, the protein encoded by this allele does not exhibit ALDH activity (Figure 3.6). 
Sequence analysis of rfl-R2l3 defined a single amino acid substitution, Pro323 to Ser, that is 
likely to be responsible for the loss of ALDH activity. Hence, these data strongly support the 
view that the rfl gene functions as a restorer of fertility by virtue of its ability to encode 
ALDH activity. 
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The Metabolic Role of z/2-Eneeded mtALDH 
One of the challenges of the postgenomic era is how to assign enzymatic functions to 
thousands of newly identified proteins. In many instances, it is possible to obtain clues 
regarding the functions of these proteins on the basis of sequence similarities and high 
throughput functional assays (Martzen et al., 1999). However, once an enzymatic function 
has been established, there remains the even more difficult postpostgenomic challenge of 
defining the precise metabolic roles of the enzymatic functions within an organism. This 
challenge exists because orthologous proteins can have different metabolic functions among 
organisms and the same protein can have different functions within an organism. 
Because mtALDHs typically have many potential substrates (Klyosov, 1996), the task of 
determining the specific aldehyde(s) that must be oxidized during fertility restoration is 
particularly challenging. Although the three-dimensional structure of the RF2 protein has 
been predicted via modeling using the known structure of a mammalian class II mtALDH as 
a template (Steinmetz et al., 1997), this information does not provide information regarding 
the metabolically important substrate(s) of this enzyme. Biochemical approaches to defining 
this substrate are complicated by the fact that mutants of the rjl gene exert their effects on 
male fertility (at least in T cytoplasm maize) in only a single internal cell layer of the anther 
(i.e., the tapetum). 
One function of mtALDHs in mammals is the detoxification of ethanol-derived 
acetaldehyde. It has been established that enzymes involved in fermentation (i.e., pyruvate 
decarboxylase [EC 4.1.1.1], alcohol dehydrogenase [EC 1.1.1.1], and aldehyde 
dehydrogenase [EC 1.2.1.3]) are expressed during microspore development (reviewed by 
Tadege et al., 1999); this study established that the RF2 protein exhibits acetaldehyde 
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dehydrogenase activity. Hence, we are currently using a genetic approach to test the 
hypothesis that the metabolically significant substrate of RF2 is acetaldehyde. 
However, diverse aldehydes are produced via numerous metabolic pathways, including 
the peroxidation of membrane lipids that can result from oxidative stress (Siu and Draper, 
1982); glycine biosynthesis (Davies, 1959); the catabolism of threonine (Styrvold et al., 
1986), phenylalanine (Ferrandez et al., 1997), and tyrosine (Ferrandez et al., 1997); vitamin 
A metabolism (McCaffery and Drager 1993); and indole-3-acetyl acetate biosynthesis 
(Marumo, 1986). Other biogenic aldehydes and retinaldehydes also are possible substrates of 
RF2. In mammalian systems, trace amounts of such products are capable of affecting gene 
action (Sladek et al., 1989; Lindahl, 1992). Hence, in parallel with testing specific 
hypotheses, we are also conducting genetic screens for suppressors and enhancers of rfl 
mutants with the expectation that the nature of the genes identified via these screens will 
provide clues regarding the specific biochemical pathway(s) in which the f/2-encoded 
mtALDH functions during fertility restoration. 
The rJ2 Gene Has a Function Independent of Its Role in Restoration 
Most of the examined maize inbred lines (15 of 17) carry functional alleles of the rfl gene 
(Wise et al., 1999). The two exceptions, R213 and Wf9, carry the same mutant rfl allele, 
because R213 was derived from Wf9 (D. Duvick, personal communication). Because most 
inbred lines have never (or have only recently) been exposed to T cytoplasm, it has been 
hypothesized that the rfl gene must have been selected during evolution for a function other 
than fertility restoration (Schnable and Wise, 1994). According to this hypothesis, the rfl 
gene was recruited only recently to serve as a nuclear restorer. However, the nature of this 
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other (presumed) function was not predicted, because rf2 was not known to confer any 
phenotype in maize that does not carry T cytoplasm. 
The detailed analyses reported here establish that the rfl gene plays a significant 
developmental role, even in plants that do not carry T cytoplasm. Specifically, this gene is 
required for normal anther development in plants that carry N cytoplasm. The recruitment of 
the rfl gene to serve as a nuclear restorer demonstrates the ability of plant genomes to 
respond to novel metabolic disturbances. 
Because the rfl gene has been recruited only recently to serve its new function as a 
restorer of CMS, it is not surprising that the levels of rfl mRNA (Cui et al., 1996), RF2 
protein, and r/2-encoded ALDH activity are not higher in T cytoplasm than in N cytoplasm 
maize (Figures 3.1 and 3.6). However, this latter observation also indicates that r/2-encoded 
levels of ALDH activity are high enough in N cytoplasm plants to accommodate the 
enzymatic function(s) required for restoration of T cytoplasm plants. This is true even 
though an analysis of suppressible rfl alleles suggests that higher levels of rfl expression are 
required for fertility in T cytoplasm maize than for anther development in N cytoplasm 
maize. However, it should be noted that although rfl mutants affect anther development in 
plants that carry either N or T cytoplasm, the metabolic role that the RF2 protein plays during 
the restoration of cms-T may differ from the role that it plays during anther development in N 
cytoplasm maize. 
Although the upper floret develops several days earlier than the lower floret from the 
same spikelet (Hsu and Peterson, 1991), the two florets do not exhibit visually detectable 
differences in their developmental programs. However, because this study revealed that rfl 
mutations preferentially affect the lower florets in plants that carry either T or N cytoplasm, 
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we hypothesize that even at the same developmental stage upper and lower florets will 
exhibit different patterns of gene expression. 
METHODS 
Maize Strains and rf2 Alleles 
The inbred maize (Zea mays) line Ky21 is homozygous for functional alleles of the rfl (Rfl-
Ky21) and rf2 (Rf2-Ky21) loci. The inbred line R213 is fixed for Rfl and rf2. Because R213 
was derived from a cross between Ky21 and Wf9 (rfl-Wf9, rf2-Wf9) (D. Duvick, Pioneer Hi-
bred International, Inc., personal communication), the Rfl allele carried by R213 must be 
Rfl-Ky21. Similarly, the rf2 allele in R213 must be identical to rf2-Wf9. However, to be 
consistent with previous nomenclature, this allele is referred to as rf2-R213. A Texas (T) 
cytoplasm version of Ky21 was generated by backcrossing a T cytoplasm version of the 
inbred line R213 to Ky21 for seven generations. Restriction fragment length polymorphism 
(RFLP) analysis established that the resulting line is homozygous for Rfl-Ky21 and Rf2-
Ky21. The T cytoplasm versions of Ky21 homozygous for the rJ2-m or rf2-R213 mutant 
alleles were generated by backcrossing each allele to K.y21 for at least three generations. All 
lines used in this study carry the Rfl-Ky21 allele. 
The rf2-m alleles were derived from Mutator or Spm/En transposon tagging experiments 
(Schnable and Wise, 1994). The progenitor alleles of rf2-m8l22, rf2-m9323, tf2-m9390, and 
rf2-m8110 have been described (Cui et al., 1996). Based on sequence comparisons, the 
progenitor allele of rf2-m9437 (GenBank accession number AF318138) is Rf2-B79 
(GenBank accession number AF318135). The progenitor allele of rf2-m8904 (GenBank 
accession numbers AF318130, AF318131, and AF318132) has not yet been identified. 
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However, it is not R/2-B79, RJ2-Q66 (GenBank accession number AF318133), RJ2-Q67 
(GenBank accession number AF318134), or RJ2-B77 (GenBank accession numbers 
AF318136 and AF318137). When originally isolated, the rf2-m8904 allele conferred a stable 
male-sterile phenotype. However, it appears to contain a transposon insertion. This 
conclusion is based on the observation that the allele can produce functional revertant alleles 
{Rfl ") that contain an RFLP relative to rfl-m8904 (see below). 
Genetic analyses established that the rfl-m8904 allele does not contain an autonomous 
Spm/En transposon insertion (Schnable and Wise, 1994). However, some crosses (e.g., 95 
1902-21/2945) between stocks that carried rfl-m8904 and related stocks derived from the 
Spm/En tagging population yielded progeny that produced tassels with male-fertile sectors, 
presumably because they were chimeric for revertant Rfl alleles. Pollen from revertant 
sectors was used to pollinate T cytoplasm R213 plants. Some of the resulting progeny were 
male fertile and self-pollinated. Plants that were homozygous for two revertant alleles, 
Rfl '1036W103 (GenBank accession numbers AF318139, AF318140, and AF318141) and 
Rf2 '1036WU0 (GenBank accession numbers AF318142, AF318143, and AF318144), were 
identified by RFLP analysis. The 1.2-kb partial rfl cDNA probe (Cui et al., 1996) detected 
two distinct Hindlll fragments of approximately 9 and 10 kb in DNA from plants 
homozygous for rfl-m8904 but only a single 10-kb fragment in DNA from plants 
homozygous for the revertant alleles. In contrast, the six introns (844 bp) of these alleles that 
have been sequenced are identical to the corresponding introns of rfl-m8904, even though 28 
single nucleotide polymorphisms (SNPs) were identified between these alleles and the Rfl-
B73 allele (GenBank accession number AF215823). Hence, it appears that Rfl' I036W103 
and Rfl '1036W110 arose from rfl-m8904 via the excision of a nonautonomous transposon 
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that was activated by the introduction of an autonomous transposon via the cross described 
above. 
Genotype and Phenotype Determinations 
Immature ears or young leaves were collected from plants to be genotyped. DNA was 
extracted from ears according to the procedure of Dellaporta et al. (1983). Ten micrograms 
of DNA was digested with Kpnl at 37°C for 3 hr and separated on a 0.8% agarose gel. DNA 
gel blot analyses (Sambrook et al., 1989) were conducted on these DNA samples using as a 
probe the full length rj2 cDNA isolated from prf27311 (Cui et al., 1996) labeled with 32P. 
Male fertility and anther arrest phenotypes were scored in the morning for several days 
during the period of pollen shed. Plants were scored for male fertility according to the scale 
of Schnable and Wise (1994). The degrees of anther arrest were categorized into five classes 
(N, N, A , A, and AA). The N category is equivalent to the phenotype displayed by K.y21 
(Figure 3.8A); N category plants have very few arrested anthers (Figure 3.8B); A 
category plants have some arrested anthers but fewer than half of the lower florets contain 
arrested anthers (Figure 3.8C); most of the lower florets in A category plants contain arrested 
anthers (Figure 3.8D); and most anthers in most of the lower florets in AA category plants 
are arrested (Figure 3.8E). 
Expression of the RF2 Protein in Escherichia coli 
Polymerase chain reaction (PCR) was performed using primers rf2-B2 (5Z-
AAGATCTGATGCACAGGCTGTTGCCA-3Z) and rfZ-xq (5'-
CCAACTTTCCAGGCATACATCA-3/) to amplify a portion of the rf2 cDNA (nucleotides 
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368 to 918) from plasmid prf27311 that contains the 2.2-kb full length tjl cDNA (Cui et al., 
1996). The 5' primer (rf2-B2) was synthesized such that it contained an extra BgHI site; the 
3' primer (rf2-xq) was downstream of an internal Ndel site. A three-fragment ligation was 
conducted using the 367-bp Bglll-Ndel PCR product, the 1493-bp Ndel-Kpnl fragment 
from prf27311, and the Bglll—Kpnl fragment of the expression vector pET-30b (Novagen, 
Madison, WI). The resulting plasmid was termed pLB333. Plasmid pMAPl 1 was generated 
in a similar fashion except that the 5' primer (rfl-lpl, 5'-
GT CT AG A ACCGC AGC AGC AGT AG AGG-3 ') carried an Nhel site, the PCR product 
included nucleotides 407 to 918 from prf27311, and the cloning vector was Nhel-Kpnl-
digested pET-17b. 
Both plasm ids were transformed into the E. coli strain BL21(DE3) for expression. 
Transformed cells were incubated at 37°C overnight, transferred to 200 mL of fresh medium 
( 1.6% tryptone, 1.0% yeast extract, and 0.5% NaCI) the next morning, and incubated in a 
37°C shaker. Once the ODÔOO reached 0.8 to 1.0, 1 mM isopropylthio-(3-galactoside (IPTG) 
was added and incubation was continued for another 3 hr or until the OD6oo reached 1.5. 
Antibody Preparation and Purification 
RF2 protein that had been expressed from pLB333 as a fusion protein containing six 
histidines (His tag), and the S tag was purified by Ni2+ affinity chromatography under 
denaturing conditions using the protocol described in the sixth edition of the Novagen pET 
system manual. The eluted fraction was dialyzed sequentially against TEN buffer (100 mM 
Tris, pH 8.0, 10 mM EDTA, and 50 mM NaCI) containing 3, I, or 0.5 M urea. Finally, this 
fraction was dialyzed twice against TEN buffer without urea. The dialysis tubing containing 
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RF2 protein was embedded in ground sucrose overnight, and then its contents were passed 
through a Sephadex G-75 column equilibrated with 50 mM Tris, pH 8.0, and 0.1 M NaCI. 
Aliquots of fractions of the flow through were subjected to SDS-PAGE and then transferred 
to nitrocellulose membranes. The RF2-containing fractions could be recognized because 
they contained detectable levels of S tag peptide, which was detected according to the 
manufacturer s instructions (Novagen). Fractions that contained the S tag (and hence the 
RF 2 protein) were pooled. SDS-PAGE analysis of the pooled fractions revealed only a 
single Coomassie Brilliant Blue R 250-stainable protein of about the size expected for the 
recombinant RF2 protein (i.e., 57 kD). 
The recombinant RF2 protein was concentrated to 1 mg/mL using a Millipore (Bedford, 
MA) spin column (Centriplus 30) and then used as an antigen to inject rabbits. Two weeks 
after the second injection, antisera were collected and used directly or further purified 
according to Dumbroff and Gepstein (1993) with the following modifications. Maize tassels 
with the genotype rj2-m8904/rf2-m8904 Ky21 were ground in TBS buffer (25 mM Tris, pH 
7.5, and 150 mM NaCI) supplemented with I mM phenylmethylsulfonyl fluoride (Sigma, St. 
Louis, MO), 5 mM EDTA, and 1 fig/mL E-64 (Sigma), filtered through four layers of 
cheesecloth, and spun at 12,000g for 10 min. An 8- x 8-cm2 piece of nitrocellulose 
membrane was incubated at room temperature on a shaker for 3 hr in the resulting 
supernatant, which contained 100 mg of protein extracted from the rf2-m8904/rf2-m8904 
tassels. The membrane was washed in TBS four times and rinsed in PBS (0.8% NaCI, 0.02% 
KC1,0.14% NazHP04, and 0.024% KH2PO4, pH 7.2). The bound protein was fixed to the 
membrane by treatment with 0.2% glutaraldehyde in PBS for 1 hr and subsequently washed 
sequentially in PBS and TBS. One milliliter of antiserum was added to 10 mL of TBS and 
80 
incubated with the membrane overnight at 4;C. The solution was collected and loaded onto 
a protein A-agarose column and washed with 10 volumes of TBS. Antibodies were eluted 
from the column using 0.1 M glycine, pH 3.0, neutralized with 1.0 M Tris, pH 8.0, passed 
through a PBS-equilibrated Sephadex G-25 spin column, divided into aliquots, and stored at 
-20jC. 
Immunolocalization 
Maize anthers at the premeiotic stage were dissected and fixed at 4jC for 6 hr in 2% 
glutaraldehyde, 3% paraformaldehyde, and 0.1 M sodium cacodylate, pH 7.0. The fixed 
anthers were dehydrated in 25, 50, 75, 80, 90, 95, and 100% (twice) ethanol for 20 min each 
and then infiltrated with ethanol:LR White (Electron Microscopy Sciences, Fort Washington, 
PA) (1:3), ethanol:LR White (1:1), ethanol:LR White (3:1), and LR White (twice) for 30 min 
each (modified from Parthasarathy, 1994). The embedded anthers were left in a 60jC oven 
overnight and then cross-sectioned into 1- m-thick sections. These sections were mounted 
on polylysine-treated slides, blocked with 5% dry milk in TBS, and incubated with purified 
anti-RF2 polyclonal antibodies (final concentration, 36.5 |ng/mL) at 37;C for 3 hr. Slides 
were washed with TBS three times for 10 min each and then incubated with 10-nm gold-
labeled goat anti-rabbit IgG secondary antibodies (1:3000; Sigma) at 37 jC for 3 hr. The gold 
particles were enhanced using a silver enhancing kit (SE-100; Sigma) and viewed and 
photographed with a phase contrast light microscope. 
81 
Light Microscopy 
Maize spikelets and anthers at various stages were fixed in 50% ethanol, 5% acetic acid, and 
3.7% formaldehyde at room temperature for 24 hr. Fixed tissues were dehydrated, 
infiltrated, and embedded in paraffin (Sylvester and Ruzin, 1994). Cross-sections of 10 to 20 
|im were deparaffined and stained with toluidine blue for observation via bright-field 
microscopy. 
Sequencing 
DNA sequencing was performed at the Iowa State University DNA Sequencing and 
Synthesis Facility on an automated sequencer (ABI 373A; Applied Biosystems, Foster City, 
CA). Sequence assembling and analyses were performed using the Wisconsin GCG software 
package, version 10.0-Unix, from the Genetics Computer Group. Polymorphisms detected 
between rj2-R213 cDNA and wild-type RJ2-B73 were confirmed by sequencing polymorphic 
regions obtained by PCR amplification of the rf2-R213 allele from genomic DNA of the 
inbred line R213. 
E. coli Complementation 
E. coli strain JA111 was lysogenized with a recombinant XDE3 phage (Novagen) according 
to the manufacturer s instructions. The resulting strain was designated JA111(DE3) and 
carried a T7 RNA polymerase gene under the control of the lacUVS promoter. Plasmid 
pALD9 carries an E. coli aldehyde dehydrogenase that complements the E. coli a/</-deficient 
mutant JA111 (Hidalgo et al., 1991). Plasmids pALD9, pMAPl I, and pET-17b were each 
transformed into JA111(DE3) by electroporation. Two pMAPl 1 transformants (pMAPl 1-1 
and pMAPl 1-2) and one pET-l7b transformant were selected for further analysis. Each E. 
coli culture was streaked in duplicate on basal medium (Boronat and Aguilar, 1979) 
supplemented with either 40 mM glucose or 40 mM 1,2-propanediol as the sole carbon 
source and incubated at 37 jC. Cells grown on glucose were scored after 24 hr of incubation, 
whereas cells grown on 1,2-propanediol were scored after 3 days. 
Cell Fractionation and Mitochondria Preparation 
Mitochondria to be used in the subcellular localization experiment were purified from 4-day-
old etiolated Ky2l seedlings via Percoll gradient centrifugation (Jackson and Moore, 1979). 
Chloroplasts were prepared from 7-day-old green maize K.y21 seedlings according to 
Leegood and Walker (1983). Chlorophyll (Leegood and Walker, 1983), catalase (Vigil, 
1983), alcohol dehydrogenase (Freeling and Schwartz, 1973; Quail, 1979), and cytochrome c 
oxidase (Errede et al., 1967) were used as markers in chloroplastic, microsomal, cytosolic, 
and mitochondrial fractions, respectively. For the catalase assay, fractions were passed 
through a Sephadex G-15 spin column equilibrated with 0.1 M phosphate buffer, pH 7.0, 
before the enzyme assay. 
Mitochondria for other purposes were prepared from either etiolated maize seedlings or 
unpollinated ears according to the method of Payne et al. (1980) and then further purified by 
sucrose cushion centrifugation (Jackson and Moore, 1979). The proteinase protection assay 
of mitochondria was conducted according to Huang et al. (1990), except that papain was used 
instead of proteinase K. 
To isolate the membrane and soluble fractions from mitochondria, purified mitochondria 
were resuspended in 20 mM 3-(Ar-morpholino)-propanesulfonic acid, pH 7.5, and 1 mM DTT 
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to yield a 0.2 mg/mL protein solution and sonicated three times for 10 sec each using a Fisher 
model 60 sonicator set at 15 W. The solution was then spun at I00,000g for 2 hr. The 
supernatant contained the soluble mitochondrial proteins. The pellet was resuspended and 
washed once with 20 mM 3-(Ar-morpholino)-propanesulfonic acid, pH 7.5, and 1 mM DTT 
and centrifuged as described above. The resulting pellet was collected and resuspended in 
the buffer described above. 
Preparation of Protein Extracts, SDS-PAGE, and Immunoblot Analysis 
E. coli protein was prepared according to the sixth edition of the Novagen pET system 
manual. Total maize protein was prepared by grinding tissue in 2 to 4 volumes of 0.1 M 
Tris, pH 8.0, 0.1 M NaCI, 5 mM EDTA, I mM phenylmethylsulfonyl fluoride, 0.1% Triton 
X-100, and 1% insoluble polyvinylpyrrolidone and then centrifuging the resulting material at 
I4,000g for 20 min. The supernatant was subjected to SDS-PAGE according to Sambrook et 
al. (1989). Separated proteins were transferred to a nitrocellulose membrane using a semidry 
electrophoretic transfer cell (Bio-Rad, Hercules, CA) at 20 V for 2 hr. Membranes were 
blocked using 3% BSA in TBS and incubated with purified anti-RF2 antibodies at room 
temperature for 3 hr, washed with TBS and 0.05% Tween 20 three times for 10 min each, 
and then incubated with anti-rabbit IgG alkaline phosphatase secondary antibody (1:30,000 
dilution; Sigma) for I hr. The result was visualized by staining with nitroblue tetrazolium/5-
bromo-4-chloro-3-indolyl phosphate (Sigma). 
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ALDH Assays 
For E. coli aldehyde dehydrogenase (ALDH) assays (modified from op den Camp and 
Kuhlemeier, 1997), cells were washed with water and resuspended in 0.1 volume of the 
original cell cultures of 0.1 M Hepes, pH 7.4, 1 mM EDTA, 2 mM DTT, and 0.1% Triton X-
100, treated with lysozyme (0.1 mg/mL) on ice for 20 min, and sonicated three times for 10 
sec each using a Fisher model 60 sonicator at maximum output. Between sonication 
treatments, the cellular extract was cooled in an ice water bath. The lysate was centrifuged at 
I4,000g for 20 min. The resulting supernatant was used as a crude enzyme extract. 
For maize mitochondrial ALDH assays, mitochondria were prepared from maize 
seedlings or unpollinated ears according to Payne et al. (1980). The resulting mitochondrial 
pellet was resuspended in 0.1 M Hepes, pH 7.4, 1 mM EDTA, 2 mM DTT, and 0.1% Triton 
X-100, sonicated, and centrifuged as described above. The resulting supernatant served as a 
crude enzyme extract. 
For each ALDH assay, 200 g of E. coli protein extract or 180 g of mitochondrial 
protein extract was added to a reaction mixture containing 1.5 mM NAD (Sigma) and 0.1 M 
sodium pyrophosphate buffer, pH 8.5, and the total volume was adjusted to 1.0 mL with 
water. After 30 sec of prereaction, aldehyde (17 M acetaldehyde or 20 M glycolaldehyde) 
was added to the mixture, which was excited at 360 nm, and the emission fluorescence of 
NADH was recorded at 460 nm at 10-sec intervals for up to 2 min on a model F-2000 
fluorescence spectrophotometer (Hitachi, Tokyo, Japan). ALDH activity was expressed as 
nanomoles of NADH production per minute per milligram of protein. 
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Reverse Transcription-PCR of r/2-R213 
RNA from immature tassels (still in the whorl) from the inbred line R213 was extracted 
according to Dean et al. (1985). First strand DNA synthesis was conducted from 5 |ig of 
RNA using a 3' rapid amplification of cDNA ends kit (Gibco BRL, Rockville, MD) and rf2-
specific primers (rf2-xq, 5'-CCAACTTTCCAGGCATACATCA-3'; and RF2C2, 5'-
CCAGGCTAGGGCAAATCTTAT-3/). The resulting DNA was used as a template in 
subsequent PCR reactions with various rfi. primer combinations that covered the entire rJ2 
coding sequence. Both strands of the PCR products were sequenced completely. 
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Table 3.1. Markers for Cell Fractionation" 
Chloroplastic Fraction Microsomal, Cytosolic, and Mitochondrial Fractions 
Total" Chloroplastic Totalc Microsomal Cytosolic Mitochondrial 
COX" 0.392 ±0.032' 0 0.480 ±0.018 0.348 ± 0.048 0.072 ± 0.003 2.712 ±0.084 
ADHd ND ND 0.290 ±0.013 0.011 ±0.007 0.526 ±0.017 0 
Catalased 0.742 ±0.013 0 1.231 ±0.132 8.743 ±0.520 0.650 ±0.100 0.339 ±0.015 
Chlorophyll6 2.069 ±0.126 10.396 ±0.039 ND ND ND ND 
8 Data represent the average of three measurements from one typical experiment, 
b The homogenate of green seedlings that was used for the isolation of the chloroplastic fraction. 
c The homogenate of etiolated seedlings that was used for the isolation of microsomal, cytosolic and mitochondrial 
fractions. 
d The enzyme activities are expressed as arbitrary units per minute per milligram of protein. COX, cytochrome c oxidase; 
ADH, alcohol dehydrogenase. 
e Chlorophyll concentration is expressed as milligrams of chlorophyll per milligram of protein. 
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Table 3.2 Maize mtALDH Assay" 
T Cytoplasm N Cytoplasm 
Rf2b rf2-mc Rf2b rf2-mc 
Acetaldehyde 
(17 ji.M) 7.03-0.58 1.43-0.08 7.23-0.15 1.87-0.25 
Glycolaldehyde 
(20 H-M) 7.73-0.29 0.23-0.13 6.43-0.29 0.40-0.17 
"Reaction rates are expressed as change in relative fluorescence units (RFU) at 460 
nm per minute per milligram of mitochondrial protein. Data represent the average 
of three measurements. 
bInbred line Ky21. 
crp-m8904/rf2-m8904 backcrossed into K.y21 for three generations. 
Table 3.3 Correlation between Anther Arrest and rf2 Genotype in 
Progeny from the Test Cross: (N) rf2-m/rf2-m x rf2-m/RJ2 
Row No. Genotypea N + N b A + AAb b 
98 6503-06 rf2-m8904!rf2-m8904 0 23 
r/2-m8904/RJ2-Ky21 38 0 
98 6509-10 rf2-m9323!rf2-m9323 2 17 
rf2-m9323IRJ2-Ky21 30 0 
99 6655-56 r/2-m8904/rJ2-R213 2 10 
rf2-m8904IRf2 '1036W103 9 0 
99 6657-58 rf2-m8904/rf2-R2l3 2 12 
rf2-m8904/R/2 '1036W110 13 0 
"Genotypes were established via DNA gel blot analyses using the partial 
r/2 cDNA as a probe. 
b Anther phenotypes were scored in the morning during the period of 
pollen shedding. Examples of each phenotype are shown in panels A-E, 
Figure 3.8. 
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Figure 3.1 Immunoblot Analysis of RF2 Protein Accumulation. (A) Different organs 
from mutant and wild-type maize plants, w, Rf2-Ky21/RJ2-Ky21; m, rf2-m8904/rf2-m8904. 
Both maize strains carried T cytoplasm and had been backcrossed to the inbred line Ky2l for 
three generations. Ear, a young unpollinated ear approximately 10 cm long; young tassel, 
premeiotic stage of microsporogenesis; older tassel, early microspore stage of 
microsporogenesis; mesocotyl and root, both from 7-day-old seedlings. The lower panel is a 
duplicated gel stained with Coomassie Blue and serves as a protein loading control. (B) 
Seedlings of different cytoplasmic and nuclear backgrounds. Total protein extracts were 
prepared from 7-day-old seedlings homozygous for the indicated alleles in the indicated 
cytoplasmic background. Rf2-Ky21 and rf2-m8904 are in a Ky21 genetic background, and 
the rf2-R213 allele is carried by the inbred line R213 with the indicated cytoplasm. The lower 
panel is a duplicated gel stained with Coomassie Blue and serves as a protein loading control. 
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Figure 3.2 RF2 Protein Accumulates in Mitochondria. (A) Homogenate (Hg), purified 
chloroplastic (Ch), microsomal (Ms), cytosolic (Cy), and mitochondrial (Mt) fractions of 
Ky21 seedlings were subjected to SDS-PAGE and stained with Coomassie Blue. (B) A 
duplicate gel was transferred to a nitrocellulose membrane and reacted with affinity-purified 
anti-RF2 antibodies. (C) Protein extracts from isolated mitochondria of the inbred line Ky21 
were treated with Triton X-100 and papain as indicated, subjected to SDS-PAGE, transferred 
to a nitrocellulose membrane, and reacted with affinity-purified anti-RJF2 antibodies. (D) 
Purified mitochondria from Ky21 seedlings were subjected to sonication and centrifugation 
to isolate the soluble and membrane fractions and then subjected to immunoblot analysis. 
Mt, purified mitochondria; Inf, insoluble fraction; Sf, soluble fraction. 
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Figure 3.3 Immunolocalization of the RF2 Protein. (A) Diagram of a cross-section of one 
locule of an anther (from Kiesselbach, 1980). The approximate position of the areas shown 
in (B) and (C) is indicated by the box. (B) Cross-section of a T cytoplasm anther of the 
inbred line Ky2l that is homozygous for the Rf2-Ky2l allele incubated with affinity-purified 
rabbit anti-RF2 antibodies, followed by gold-labeled goat anti-rabbit IgG antibodies and 
silver enhancement. (C) Cross-section of an anther from T cytoplasm rf2-m8904/rfl-m8904 
treated as described for (B). E, epidermis; EL, endothecium; ML, middle layer; T, tapetum; 
PM, microspore pollen mother cell. Bars in (B) and (C) = 10 m. 
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Figure 3.4 ALDH Assay of E. coli— Expressed Recombinant RF2. Crude extracts of E. 
coli expressing the RF2 protein were assayed for ALDH activity. RFU 460, relative 
fluorescence units at 460 nm. 
toi 
Figure 3.5 The r/2 gene can complement an E. coli a/tf-deficient mutant. 
(A) Basal medium plus glucose. (B) Basal medium plus 1,2-propanediol. 
-I, JAl 11;-2, JA111(DE3); +, JAl 1 l(DE3)pALD9; Vector, JA11 l(DE3)pET-17b; RF2-1, 
JAl 1 l(DE3)pMAPl 1-1; RF2-2, JAl 1 l(DE3)pMAPl 1-2. 
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Figure 3.6 Mitochondrial ALDH Assay. ALDH activity was measured in extracts from 
mitochondria purified from unpollinated ears produced by T cytoplasm (A) or N cytoplasm 
(B) plants or from etiolated seedlings (C) of the indicated genotypes. Results from one 
typical experiment are shown. Data from (A) and (B) are summarized in Table 3.2. RPU, 
relative fluorescence units. 
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Figure 3.7 Structure of the RF2 Protein. This structure was predicted by SWISS-MODEL 
(Guex and Peitsch, 1997) using bovine mtALDH (Protein Data Bank number 1AG8) as a 
template. The stereo images were prepared using MOLMOL (Koradi et al., 1996). Residues 
Glu l7, Pro323, Cys351, Asn400, and De5™ in the RF2 sequence are equivalent to amino acid 
residues Glu267, Pro273, Cys301, Lys350, Ser472 in Protein Data Bank number 1AG8, 
respectively. 
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Figure 3.8 Anther Arrest inrJ2 Plants Carrying Nor T Cytoplasm. (A) Normal anther 
development on a tassel branch from N cytoplasm Ky21. (B) to (E) Various degrees of 
anther arrest on tassel branches from different plants in a segregating population resulting 
from the cross (N) rf2-m9323/rf2-m9323 x rf2-m9323IRf2-Ky2l. Arrows identify arrested 
anthers. (F) Normal anther development on a tassel branch from a fully suppressed T 
cytoplasm plant homozygous for rj2-m9390. (G) to (I) Various degrees of anther arrest on 
tassel branches from partially suppressed T cytoplasm plants homozygous for rf2-m9437. (J) 
Completely sterile tassel branch from an unsuppressed T cytoplasm plant homozygous for 
rf2-rti9437. 
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Figure 3.9 Microscopic Observation of Anther Arrest. (A) Illustration of a normal maize 
spikelet. (B) A spikelet from an N cytoplasm Ky21 plant. (C) A spikelet from an N 
cytoplasm plant homozygous for rf2-m9323 and near-isogenic with Ky21. (D) and (E) 
Anthers from the lower florets of N cytoplasm plants homozygous for rf2-m8904. (F) and 
(G) Anthers from the lower florets of N cytoplasm plants homozygous for rf2-m9323. 
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CHAPTER 4 
FUNCTIONAL SPECIALIZATION OF MAIZE (ZEA MAYS L.) 
MITOCHONDRIAL ALDEHYDE DEHYDROGENASES1 
A paper submitted to Plant Physiology 
Feng Liu and Patrick S. Schnable 
ABSTRACT 
The maize rf2a and rf2b genes both encode homotetrameric aldehyde dehydrogenases 
(ALDHs). The RF2A protein was previously shown to accumulate in the mitochondria. In 
vitro import experiments and ALDH assays on mitochondrial extracts from rfla mutant 
plants established that the RF2B protein also accumulates in the mitochondria. RNA gel blot 
analyses and immuno-histolocation experiments revealed that these two proteins have only 
partially redundant expression patterns in organs and cell types. For example, RF2A, but not 
RF2B, accumulates to high levels in the tapetal cells of anthers. Kinetic analyses established 
that RF2A and RF2B have quite different substrate specificities; although RF2A can oxidize 
'This research was supported by competitive grants from the United States Department of 
Agriculture (USDA) National Research Initiative (NRI) program to P.S.S. (9801805, 
0001478, and 0201414), from the Human Frontiers in Science Program (RG0067) to Cris 
Kuhlemeier (Institute of Plant Physiology, University of Berne, Berne, Switzerland) and 
P.S.S. and by Hatch Act and State of Iowa funds 
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a broad range of aldehydes, including aliphatic aldehydes and aromatic aldehydes, RF2B can 
oxidize only short-chain aliphatic aldehydes. These two enzymes also have different pH 
optima and responses to changes in substrate concentration. In addition, RF2A, but not 
RF2B or any other natural ALDHs, exhibits positive cooperativity. These functional 
specializations may explain why many species have two mitochondrial ALDHs. This study 
provides data that serve as a basis for identifying the physiological pathway by which the 
rf2a gene participates in normal anther development and the restoration of T-cytopIasm-
based male sterility. For example, the observations that T-cytoplasm anthers do not 
accumulate elevated levels of reactive oxygen species or lipid peroxidation and the kinetic 
features of RF2A make it unlikely that rf2a restores fertility by preventing premature 
programmed cell death. 
INTRODUCTION 
Aldehyde dehydrogenases (ALDHs) oxidize aldehydes to the corresponding 
carboxylic acid and simultaneously reduce NAD+ and/or NADP+. Over 300 ALDH genes 
have been identified from mammals, insects, bacteria, yeast and plants (Sophos et al., 2001). 
The nomenclature of the ALDH super gene family was recently revised taking into account 
the evolutionary distances among the proteins encoded by these genes (Sophos et al., 2001). 
Family 1 ALDHs include the original Class 1 ALDHs, which are targeted to the cytosol. 
Family 2 consists of the Class 2 ALDHs, which are targeted to the mitochondria. In 
mammals and yeast, at least one role of Family 1 and 2 ALDHs is the detoxification of 
ethanol-derived acetaldehyde (Wang et al., 1998). Family 3 ALDHs of mammals are 
involved in the detoxification of aldehydes that form during lipid peroxidation (Lindahl and 
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Petersen, 1991). Some of the Family 3 ALDHs are, in addition, expressed in tumors 
(Satomichi et al., 2000), where they are thought to be involved in anti-tumor drug resistance 
(Sladek, 1988). Other roles of ALDHs include vitamin A biosynthesis (Hind et al., 2002) and 
amino acid metabolism (Ferrandez et al, 1997; Davies, 1959; Styrvold et al, 1986). In 
bacteria, ALDHs are, in addition, involved in the metabolism of rare sugars (Boronat et al., 
1983). In insects ALDHs are involved in both the detoxification of aldehydes and the 
biosynthesis of pheromones (Morse and Meighen, 1984). 
Although ALDHs of many species have been well characterized (Perozich et al., 
1999), until recently little research had been performed on plant ALDHs. This began to 
change after it was established that the maize (Zea mays L.) rjla gene encodes a 
mitochondrial ALDH that accumulates in the mitochondrial matrix (Cui et al., 1996; Liu et 
al., 2001). The rf2a gene, which was previously designated rfl, was originally defined by its 
ability, in conjunction with another nuclear gene, rfl, to restore fertility to Texas cytoplasmic 
male sterility (cmsT) maize lines (reviewed by Laughnan and Gabay-Laughnan, 1983). 
Cytoplasmic male sterility (cms) has been observed in over 140 plant species (Schnable and 
Wise, 1998) and is an important agricultural trait used to facilitate the production of hybrid 
seed. Recently it has been established that rf2a is involved not only in restoring male fertility 
to cmsT plants, but also plays an important role in anther development in plants that carry 
normal cytoplasm. Specifically, the anthers in the lower florets of normal cytoplasm plants 
that are homozygous for mutants in rfla undergo developmental arrest (Liu et al, 2001). 
The identification of these important developmental roles for an ALDH has stimulated 
additional research on this relatively poorly studied class of plant enzymes. Since the time 
when rf2a was cloned, many additional plant ALDH genes have been cloned. For example, 
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two ALDH genes have been isolated from tobacco (Op den Camp, 1997); three from 
Arabidopsis (Skibbe, et al., 2002); three from rice (Nakazono et al., 2000; Li et al., 2000), 
two from sorghum (Genbank accessions AB084897 and AB084898), and one from barley 
(Meguro et al., 2001). In addition, three additional ALDH genes have been cloned from 
maize (Skibbe, et al., 2002). 
Like all other plant species characterized to date, the maize genome contains two 
mtALDH genes, rf2a and rJ2b, which encode proteins termed RF2A and RF2B (or according 
to the nomenclature of Sophos et al., 2001, ALDH2B1 and ALDH2B6). The RF2B protein 
exhibits 78.7% amino acid identity and 83.4% similarity with RF2A (Skibbe et al, 2002). To 
date only very limited kinetic analyses have been conducted on plant mtALDHs and those 
that have been reported were performed using only partially purified protein preparations 
(Asker and Davis, 1985; Davis, 1959). These studies could not therefore distinguish the 
specific characteristics of the distinct mtALDHs. To understand the specific physiological 
roles of these enzymes it is necessary to separately characterize the kinetic properties of the 
two mtALDHs from a single species. 
In tobacco, ALDH-dependent ethanolic fermentation occurs during pollen 
development and growing pollen tubes even under aerobic conditions (Tadege and 
Kuhlemeier, 1997; Mellema et al., 2002). This pathway is thought to provide additional 
energy for pollen development and pollen tube growth. It has previously been established that 
both RF2A and RF2B can oxidize acetaldehyde (Liu et al., 2001; Skibbe et al., 2002). 
Although these findings are consistent with a role for RF2A in ethanolic fermentation, T-
cytoplasm induced male sterility is associated with the premature degeneration of the tapetal 
layer of anthers. Although the accumulation of RF2A is enhanced in tapetal cells (Liu et al., 
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2001 ), it is not known whether ethanolic fermentation occurs in these cells. Of further 
concern is the observation that mammalian and yeast mtALDHs can oxidize a broad range of 
aldehydes. The identification of the specific pathway in which the z/2a-encoded mtALDH 
functions during fertility restoration and anther development will be complicated if, like 
mammalian and yeast mtALDHs, maize mtALDHs are capable of oxidizing many aldehydes. 
In this study the kinetic properties of purified recombinant RF2A and RF2B were 
determined and compared. These analyses reveal that the two maize mtALDH have very 
different substrate preferences and other kinetic properties and thereby suggesting that they 
have functionally distinct physiological roles. 
RESULTS 
RF2A and RF2B Both Accumulate in Mitochondria 
The algorithm pSORT (http://psort.nibb.ac.jp/. Nakai and Kanehisa, 1992) predicted that 
RF2A (previously designated RF2) contains the mitochondrial targeting motif QRFST (amino 
acid index numbers 48-52, Genbank Accession U43082). It has recently been established that 
the RF2A protein indeed accumulates in the mitochondrial matrix (Liu et al., 2001). To 
determine the cleavage site of RF2A s mitochondrial targeting sequence, the N-terminal 
sequence of the mature RF2A protein was determined. RF2A was partially purified via 
immunoprecipitation from mitochondria isolated from etiolated seedlings of the N-cytoplasm 
version of the inbred line Ky2l. The partially purified protein was subjected to SDS-PAGE 
and then transferred to a PVDF membrane. The protein band was excised and subjected to N-
terminal sequencing. This analysis revealed that the cleavage site is between F50 and S2,1 (data 
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not shown), which indicates that R49 is located at the —2 position and S3' at the +1 position. 
This result is in agreement with the predicted cleavage motif R-x*[A/S]-[T/S] (where * 
indicates the cleavage site) (Sj ling and Glaser, 1998). 
The algorithm pSORT predicted that the RF2B protein is also targeted to the 
mitochondria. Its predicted mitochondrial-targeting sequence is HRFST (amino acid index 
numbers 46-50, Genbank Accession AF348417), which fits both the R—2 and R—3 models of 
Sj ling and Glaser (1998). To determine whether the RF2B protein is indeed targeted to the 
mitochondria, RF2B protein was labeled with 35S-methionine via in vitro transcription and 
translation. The labeled protein was then incubated with freshly isolated maize mitochondria. 
The mitochondria were purified again after the in vitro import procedure and incubated with 
proteinase K in the presence or absence of Triton X-100 and/or valinomycin. Following these 
incubations, the proteins extracted from the mitochondrial preparations were analyzed via 
SDS-PAGE. 
Following incubation of RF2B protein with mitochondria a novel protein that is 
smaller than RF2B accumulates (Fig. 4.1). Proteins that are attached to exterior of 
mitochondria, but that have not been imported, are susceptible to proteinase K. digestion in the 
absence of Triton X-100. Although the RF2B precursor protein is susceptible to proteinase K 
digestion, in the absence of Triton X-100 the novel protein is resistant to proteinase K 
digestion (but susceptible in the presence of Triton X-100). This demonstrates that the novel 
protein is contained within the mitochondria. Valinomycin (an K.+ ionophore) disrupts 
membrane potential and therefore prevents protein import because import is potential 
dependent (Winning et al., 1995). Fig. 4.1 demonstrated that very little of the novel protein 
accumulates in valinomycin-treated mitochondria. The minor accumulation of the novel 
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protein is presumably the result of incomplete inhibition of import by valinomycin, a finding 
that has been observed previously (see e.g., Rudhe et al., 2002). In combination, these results 
indicate that a cleaved version of RF2B protein (i.e., the mature form of RF2B) is imported 
into mitochondria in vitro (Fig. 4.1). Since RF2A is also a mitochondrial ALDH, these results 
suggest that the maize mitochondria contain two ALDHs, i.e., RF2A and RF2B. 
Further evidence that the RF2B protein accumulates in mitochondria was obtained via 
immunoblot analyses. Maize mitochondria were isolated from etiolated seedlings of N-
cytoplasm Ky21 and similar near-isogenic seedlings that were homozygous for rf2a-m8l22. 
Proteins from these mitochondrial preparations were subjected to immunoblot analysis with 
polyclonal anti-RF2A antibodies, which recognize RF2A and RF2B proteins equally well 
(Fig. 4.2A). A cross-reacting protein of the same molecular weight was detected in both 
genotypes (Fig. 4.2B). However, much less of this protein was present in the mitochondrial 
extract from the mutant seedlings. Because the rf2a-m8l22 mutant contains a Mul 
transposon insertion in exon 9, plants homozygous for this mutant do not accumulate rf2a 
transcripts (Cui et al., 1996). Hence, the cross-reacting protein detected in mitochondria from 
the mutant plants cannot be derived from rf2a. Similar results were also obtained from rf2a-
m8904 mutants (data not shown), which contain a Dsl insertion in its first exon downstream 
of the initial codon ATG (Cui et al., submitted). The rf2a-m8904 mutant plants do not 
accumulate rf2a transcripts detectable by RT-PCR (Fig. 4.2C). Because the RF2A antibodies 
recognize both RF2A and RF2B recombinant protein expressed in E. coli (Fig. 4.2A), these 
results provide further support for the mitochondrial localization of RF2B. 
Expression of RF2A and RF2B 
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All studied plant genomes contain two genes that encode mtALDHs. One explanation 
for this apparent redundancy could be that these two mtALDH genes are differentially 
regulated. To determine whether this is true for rf2a and rf2b, the expression patterns of these 
genes were examined via RNA gel blotting. Both rJ2a and rf2b transcripts accumulate in 
seedling leaves, seedling roots, silks, husks, ears and tassels (Fig. 4.3). However, only rf2a 
transcripts accumulate to detectable levels in adult leaves (Fig. 4.3). 
To examine the accumulation of the RF2A and RF2B proteins, 5-day old etiolated 
seedling shoots and root tips were fixed and embedded in LR-White resin. Cross sections of 
shoots and longitudinal sections of root tips were incubated with affinity-purified anti-RF2A 
IgG and then incubated with gold-labeled secondary antibody. The gold signal was enhanced 
by silver salt. 
These immuno-localization analyses were conducted on N-cytoplasm Ky21 and a 
near-isogenic version of Ky2l that is homozygous for rf2a-m8904. Because the RF2A 
antibodies can recognize both RF2A and RF2B (Fig. 4.2), the signal detected in FCy21 is the 
sum of RF2A and RF2B accumulation. Because the rj2a-m8904 mutant contains a Dsl 
transposon insertion in exon 1 downstream of the translation start codon, plants homozygous 
for this mutant do not accumulate detectable levels of rf2a transcript (Cui et al., 1996) or 
RF2A (Liu et al., 2001). Hence, the signal detected in plants homozygous for rf2a-m8904 
reflects the accumulation of only RF2B. 
The signal detected in Ky2l seedling shoots is present mainly in photosynthetic cells 
including the bundle sheath cells and mesophyll cells (Fig. 4.4A). Little signal was detected 
in epidermal cells and very little, if any, signal was detected in the coleoptile (data not 
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shown), or vascular bundle cells (Fig. 4.4A). Less signal, but with a similar distribution, was 
detected in the rJ2a-m8904 shoots (Fig. 4.4B). 
In the root tip, the signal was highest in the root cap, including all the root cap cells; 
very little signal was found in the meristem or elongation zone (Fig. 4.4C). In the rf2a-m8904 
root tips, the signal derived from RF2B was found only in young root cap cells, i.e., those 
closest to the calyptrogen cells, which generate all root cap cells (Fig. 4.4D). As in Ky2l, no 
signal was detected in cells within the meristem or the elongation zone. 
Expression and Purification of Recombinant RF2A and RF2B 
The rfla and rf2b cDNAs were cloned into the expression vector pET17b and 
expressed in E. coli (Liu et al., 2001; Skibbe et al., 2002). E. coli-expressed RF2A was 
purified using cellulose DE52 anion exchange chromatography, Sephadex G-50 gel filtration, 
hydroxyapatite and NAD-agarose affinity columns (see the Materials and Methods for 
details). The RF2B protein was purified using cellulose DE52 anion exchange 
chromotagraphy, Sephadex G-50, hydroxyapatite and Blue-Cibracon GF-3 A columns 
(Materials and Methods). Following the final step in each purification procedure only a single 
major band was visible on a Comassie-stained SDS gel (Fig. 4.5). The purification schemes 
of both enzymes are shown in Table 4.1. RF2A was purified about 40 fold and RF2B about 
60 fold. Purified recombinant RF2A and RF2B proteins can be stored in —20C in 25% 
glycerol for at least 15 months without apparent loss of activity. 
After the elution of RF2A and RF2B from the cellulose DE52 column the pooled 
ALDH-containing fractions were desalted using Sephadex G-50 prior to loading the 
hydroxyapatite column. This desalting step often caused a loss of ALDH activity, perhaps as 
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a consequence of the low ionic strength (20 mM) of the buffer. Regardless of the cause, the 
addition of 10% glycerol significantly stabilized the ALDH activity, although the specific 
activity still decreased somewhat during this step (Table 4.1). 
Biochemical Characterization of RF2A and RF2B 
As determined via Sephacryl S-300 chromatography (Materials and Methods), the 
molecular masses of RF2A and RF2B are 214 kD and 200 kD, respectively. As discussed 
above, the mitochondrial targeting sequence of RF2A is cleaved between residues S50 and T51 
and the targeting sequence of RF2B is predicted to be cleaved between S47 and T48. Using 
these cleavage sites and the pI/Mw program (http://ca.expasv.org/tools Zpi_tool.html), the 
molecular masses of single subunits of RF2A and RF2B are estimated to be 54.2 and 54.0 kD, 
respectively. These results suggest that both RF2A and RF2B are tetramers, as is true for the 
mtALDHs of mammals (Hart and Dickinson, 1977) and yeast (Tamaki et al., 1978). 
Under normal physiological conditions the pH of the mitochondrial matrix is usually 
greater than 8.0, but it undergoes changes in response to various environmental conditions 
(Salvador et al., 2001). To determine whether RF2A and RF2B exhibit ALDH activity at 
these physiological conditions, the effects of changes in pH on the ALDH activities of both 
proteins were investigated. A series of 0.1 M phosphate buffers and pyrophosphate buffers 
were used to provide the desired pH conditions. The pH optima for RF2A and RF2B are 9.0 
and 7.5, respectively (Fig. 4.6A). At pH 8.0, the activity of RF2B was near its maximal 
value; in contrast, RF2A exhibited only about half of its maximal activity at this pH. 
The activity of many enzymes increases in proportion to substrate concentration until 
the enzyme is saturated with substrate, at which point activity plateaus. ALDHs, on the other 
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hand, often exhibit a phenomenon termed substrate inhibition (Sidhu and Blair, 1975). When 
substrate concentration increases beyond a certain level, ALDH activity typically decreases. 
To investigate whether RF2A and RF2B are subject to substrate inhibition, RF2A and RF2B 
activities were tested with a series of acetaldehyde concentrations. Although both proteins 
exhibit substrate inhibition, RF2A is inhibited at lower aldehyde concentrations and exhibits 
more inhibition than does RF2B (Fig. 4.6B). RF2A and RF2B began to exhibit substrate 
inhibition when the concentrations of acetaldehyde reached 180 pM and 18 mM, 
respectively. 
Typical mtALDHs exhibit esterase activity in vitro (Weiner et al., 1976). Esterase 
(B.C. 3.1.1.1) catalyzes the conversion of carboxylic esters into the corresponding alcohols 
and carboxylic anions. To investigate whether this is also true for RF2A and RF2B, an 
esterase assay was conducted on purified recombinant RF2A and RF2B. Both RF2A and 
RF2B exhibited esterase activity against 4-nitrophenyl acetate, with similar catalytic rates 
(Fig. 4.6C). 
Mammalian mtALDHs are inhibited by disulfiram (Lam et al., 1997), the active 
component in some drugs used to treat alcoholism. To determine whether RF2A and RF2B 
are similarly inhibited by disulfiram, each enzyme was incubated with 0.5 mM disulfiram at 
room temperature for 15 minutes prior to conducting ALDH assays. 17.9 gM acetaldehyde 
was used as substrate. As shown in Fig 6D, disulfiram inhibited RF2B activity nearly 90%. 
in contrast, disulfiram inhibited RF2A activity by only about 20%. Hence, RF2B is 
substantially more susceptible to disulfiram inhibition than is RF2A. 
While conducting kinetic analyses, it was found that RF2A exhibits positive 
cooperativity towards some aldehydes (Fig 6E); RF2B does not. Positive cooperativity 
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occurs when a protein has multiple substrate-binding sites and the binding of one molecule of 
substrate causes conformation changes in the enzyme that favor the binding of additional 
substrate molecules. The degree of cooperativity is expressed as the Hill coefficient. RF2A 
has Hill coefficients around 3 for saturated aliphatic and some aromatic aldehydes (Table 4.2). 
Although mtALDHs and cALDHs from mammals and yeast are also homotetramers, we are 
not aware of any previous reports that these enzymes exhibit cooperativity. Hence, RF2A 
appears to be the first natural ALDH reported to exhibit positive cooperativity. 
Kinetic Analyses of RF2A and RF2B 
An analysis of RF2A s substrate specificity has the potential to help to identify the 
specific biochemical pathway in which it functions during fertility restoration and normal 
anther development. Comparisons of the substrate specificities of RF2A and RF2B might 
help define why all studied plant genomes contain two mtALDH genes. Towards these ends, 
purified recombinant RF2A and RF2B proteins were subjected to kinetic analyses. The 
results are shown in Table 4.2. 
The ratio of Kcat/Km can be used to estimate an enzyme s overall specificity and 
affinity toward a particular potential substrate. The majority of the tested aldehydes can serve 
as substrates for RF2A. Most saturated aliphatic aldehydes (i.e., acetaldehyde, 
propionaldehyde, butyraldehyde, valeraldhyde, hexanal, heptaldehyde, octanal, and nonanai), 
aromatic aldehydes (i.e., benzaldehyde and some of its derivatives, such as 4-
nitrobenzaldehyde, anisaldehyde, cinnamaldehyde and o-nitrocinnamaldehyde ) and other 
aldehydes (acrolein, chloroacetaldehyde, glycolaldehyde and indole-3-acetaldehyde) have 
Kms in the low |iM range and Kcats in the range of 10 to 100 per second. In contrast, 
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relatively few aldehydes serve as substrates for RF2B; substrates are limited to the short-chain 
aliphatic aldehydes acetaldehyde, propionaldehyde and butyraldehyde. Based on the ratio of 
Kcat/Km, the best substrate for RF2 A is acetaldehyde; the next best substrates are 
propionaldehyde, o-nitrocinnamaldehyde, butyraldehyde, 4-nitrobenzaldehyde, and m-
anisaldehyde. Excluding /m/7s-2-nonenal, indole-3-carboxyaldehyde and 2-naphthaldehyde, 
9-côr-retinal and all-/r<ms-retinal, which RF2A can not oxidize, its five worst substrates are 
/mns-2-hexenal, formaldehyde, decylaldehyde, pyruvic aldehyde and citral. 
Increased cellular levels of reactive oxygen species (ROS) can lead to lipid 
peroxidation (reviewed by Comporti, 1989) and the accumulation of short to medium chain 
saturated aldehydes and «, ^ -unsaturated aldehydes. The abilities of RF2A and R.F2B to 
oxidize three «^-unsaturated aldehydes (//ww-2-hexenal, /rcws-2-nonenal and 4-hydroxy-
nonenal, or 4-HNE) that are associated with lipid peroxidation were tested. RF2A can oxidize 
//w7.s-2-hexenal, with a Km of 56 pM, but a K^t of only 5.2 s"1 (5% of the K^t of its best 
substrate, acetaldehyde); for 4-HNE, the Km is 1.1 (J.M and the Kcat is 4.3 s"1 (4% of the Kcat of 
acetaldehyde). Because of its low Km, RF2A s Kcat/ Km ratio for 4-HNE is only 1.2. RF2A 
does not oxidize fra/z.s-2-nonenal; the addition of a hydroxyl group at fourth position (4-HNE) 
apparently changes the affinity of the aldehyde to RF2A dramatically. RF2B cannot oxidize 
any of the tested «^-unsaturated aldehydes that are associated with lipid peroxidation. 
Overall, RF2A has a broad substrate spectrum, while RF2B functions on a rather 
limited group of aldehydes, i.e., aliphatic aldehydes with chain-lengths shorter than five 
carbons. No significant RF2B activity was detected toward aliphatic aldehydes with chain 
lengths greater than six carbons, any of the aromatic aldehydes, or other aldehydes listed in 
Table 4.2. 
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A number of ALDHs can use both NAD+ and NADP+ as coenzymes. RF2A and 
RF2B both use only NAD \ The Kms for NAD+ with RF2A and RF2B are 0.19 mM and 0.04 
mM, respectively. No activity was detected for either enzyme when NADP+ was used as 
coenzyme (data not shown). 
Levels of ROS and Lipid Peroxidation in N- and T-cytoplasm Anthers 
Cytoplasmic male sterility in sunflower is associated with programmed cell death 
(Balk and Leaver, 2001). Programmed cell death is associated with increased levels of ROS 
and subsequent lipid peroxidation (reviewed by Jabs, 1999; Gamaley and Klyubin, 1999). To 
determine whether sterility in T-cytoplasm maize occurs via a similar process, the levels of 
ROS and lipid peroxidation were measured in maize anthers. 
The levels of ROS were compared between anthers from N- and T-cytoplasm plants 
that were homozygous for rf2a-m8904. ROS levels were detected by staining anthers with an 
ROS-specific fluorescent dye 2,7-dicholofluorescin 3,6-diacetate (DCFDA). DCFDAperse 
does not fluoresce, but this probe can be diffused into cells and endogenous esterases convert 
it into 2,7-dicholoflurescin, which can be oxidized by cellular hydrogen peroxide and 
hydroxyl free radicals, thereby generating 2,7-fluorescein. 2,7-fluorescein can be detected by 
excitation at 495 nm and emission at 525 nm (Royall and Ischiropoulos, 1993). As shown in 
Fig. 4.7 at the same stage of development there is no difference in the amount of fluorescence 
observed from anthers of the two genotypes. This indicates that ROS levels are similar in N-
and T-cytoplasm anthers. Interestingly, the younger anthers of both genotypes fluoresce more 
strongly than the older anthers, suggesting that anthers accumulate higher levels of ROS at the 
meiocyte than the early microspore stage of development. 
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The levels of lipid peroxidation were measured in anthers from four nearly congenic 
maize lines: N-cytoplasm Ky21 plants, and closely related N-cytoplasm plants homozygous 
for rf2a-m8904, T-cytoplasm Ky21 plants, and closely related T-cytoplasm plants 
homozygous for rf2a-m8904. All but the last of these lines are male fertile. The lipid 
peroxidation assay is based on the detection of malondialdehyde (MDA), a major product of 
lipid peroxidation (Esterbauer et al., 1991). In the presence of hydrochloric acid, MDA can 
react with N-methyl-2-phenylindole to form a chromogenic compound, which exhibits 
maximum absorbance at 586 nm (Botsoglou et al., 1994). As shown in Table 4.3, there are no 
significant differences in levels of MDA among the four genotypes. 
ALDH Activity of Native RF2B 
Access to an rf2a null mutant rf2a-m8l22 makes it possible to assay the ALDH 
activity of native RF2B. As mentioned above, homozygous rf2a-m8l22 mutant plants do not 
accumulate rf2a transcripts (Cui et al., 1996). Therefore if maize, like all other eukaryotes 
analyzed to date, contains only two mtALDHs, any ALDH activity detected in mitochondria 
from plants homozygous for rf2a-m8l22 must be derived from RF2B. The assumption that 
the maize genome contains only two mtALDH genes (rf2a and r/2b) is consistent with our 
analyses of extensive public- and private-sector maize EST databases (Skibbe et al., 2002 and 
data not shown). Hence, the difference in the ALDH activities of mitochondrial extracts from 
Ky21 plants and near-isogenic plants that are homozygous for rf2a-m8122 provides an 
estimate of the ALDH activity of RF2B. Estimating RF2B activity via this approach requires 
the assumption that RF2B activity is not affected by RF2A accumulation. 
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Mitochondria were purified from etiolated seedlings and ALDH activities were 
assayed using glycolaldehyde and acetaldehyde as substrates. As shown in Table 4.2, the Km 
of glycolaldehyde for RF2B (-500 ji.M) is substantially higher than that for RF2A (~10 gM). 
Therefore, and again assuming that maize has only two mtALDHs, any glycolaldehyde 
dehydrogenase activity observed in mitochondrial extracts at low concentrations of 
glycolaldehyde must be derived from RF2A. If RF2B accumulates in mitochondria, the ratio 
of mtALDH activity in mitochondrial extracts from rf2a mutants and Ky21 should be higher 
at high glycolaldehyde concentrations than at low concentrations. This is because RF2B 
exhibits ALDH activity only at high concentrations of glycolaldehyde. 
The results of these mtALDH assays are shown in Table 4.4. When ALDH assays 
were conducted with 20 (iM glycolaldehyde, the mitochondrial extracts from rf2a mutant 
seedlings exhibited only about 27% of the ALDH activity observed in mitochondrial extracts 
from Ky21 plants. However, when the concentration of glycolaldehyde was increased to 4.0 
mM, the rjla mutant exhibited about 50% of the mtALDH activity observed in K.y2l extracts. 
Because RF2A activity is partially inhibited at 4 mM glycolaldehyde (Fig. 4.6B and data not 
shown), this experiment probably underestimates the ALDH activity of RF2B. As a control, 
this dramatic increase in mtALDH activity was not observed when increasing concentrations 
of acetaldehyde were used as substrate; this is consistent with the finding that the Kms of 
acetaldehyde for RF2A and RF2B are similar (Table 4.2). Hence, this experiment 
demonstrates that mitochondria contain RF2B-dependent glycolaldehyde dehydrogenase 
activity and that the kinetic assays using recombinant RF2A and RF2B reflect the kinetic 
characteristics of native RF2A and RF2B enzymes. 
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Structures of RF2A and RF2B 
The overall levels of amino acid similarity and identity between RF2A and RF2B are 
83% and 79% respectively. To begin to determine which amino acids might be responsible 
for the dramatic differences in the substrate specificities and other kinetic characteristics of 
these two enzymes, the leader sequence of RF2A and putative leader sequence of RF2B were 
trimmed, and the mature protein sequences were submitted to Swiss-Model 
(http://www.expasv.ch/swissmod/SWlSS-MODEL.html. Peitsch et al., 2000) for 3-D 
structural predictions. Because RF2A and RF2B have similar predicted 3-D structures (Fig. 
4.8), it appears that relatively subtle differences are responsible for the differences in substrate 
specificities and other kinetic characteristics of these two mtALDHs. 
As a first step towards determining which amino acid residues might be responsible 
for these differences in substrate specificities and other kinetic characteristics, the sequences 
of RF2A, RF2B, the two mtALDHs from Oryza sativa, OsALDH2A (GenBank Accession 
AB030939) and OsALDH2B (GenBank Accession AB044537), and the two mtALDHs from 
sorghum, SbALDH2a (Genbank Accession AB084897) and SbALDH2b (Genbank Accession 
AB084898) were aligned (Fig. 4.9). According to phylogenetic analyses (Fig. 4.10), 
OsALDH2B and SbALDH2B are most closely related to maize RF2A (Grass Group 1, GG1) 
and OsALDH2A and SbALDH2A are most closely related to maize RF2B (Grass Group 2, 
GG2). The clustering of GG1 and GG2 mtALDHs was supported in 85 of 100 independent 
bootstrap experiments. The algorithm pSORT ( http://psort.nibb.ac.jp. Nakai and Kanehisa, 
1992) detects a putative mitochondrial targeting sequence motif in each of the grass 
mtALDHs. For the GG1 mtALDHs (OsALDH2B, SbALDH2B and RF2A), this motif is 
QRFST; for the GG2 mtALDHs (OsALDH2A, SbALDH2A and RF2B), the motif is 
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HRFS(TZA). The predicted cleavage site for both the GGl and GG2 mtALDHs is after amino 
acid position 64 of the consensus sequence shown in Fig. 4.9 (index number 64). 
Between position 64 and the carboxyl terminus there are 15 amino acid residues that 
are conserved within GGl and within GG2, but that differ between GGl and GG2. Five of 
these residues are located either within the catalytic domain or on the surface of the substrate-
binding pocket. Pro16l/Thr162 (RF2A/RF2B), Tyr162/Leu163 and Asp395/Gly396 are located on 
the top of the substrate-binding pocket; Asp296/Gly297 is located in one of the NAD-binding 
domains, which is also located at the entrance of the substrate pocket; Asp529/Tyr530 is located 
at the bottom of the substrate pocket, which is only 3 amino acids away from a Glu (index 
#535, Fig. 4.9, equivalent to Glu476 in bovine ALDH2, Steinmetz et al., 1997) that may be 
involved in binding of a water molecule and facilitating the acyl-enzyme hydrolysis during 
the reaction (Steinmetz et al., 1997). 
Because they are located within the substrate pocket two additional amino acid 
substitutions between RF2A and RF2B (Ilet68/Ala169 and Phe340/Gln341) are potentially 
functionally important, even though they are not conserved within GGl and GG2 ALDHs. 
Because the two residues that are present in RF2A at these positions (lie168 and Phe340) are 
bulky and hydrophobic as compared to the two in RF2B (Ala169 and Gin341), they have the 
potential to affect substrate specificity. 
DISCUSSION 
The Physiological Functions of RF2A 
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Since the discovery that the nuclear restorer gene rf2a encodes a mtALDH (Cui et al., 
1996; Liu et al., 2001), efforts have been focused on identifying its physiological role in 
restoration of fertility to cmsT maize and in normal anther development. We have previously 
hypothesized that RF2A s specific role in fertility restoration may involve a-oxidation, 
protecting plants from the damaging effects of lipid peroxidation, IAA biosynthesis or 
ethanolic metabolism (Cui et al., 1994; Liu et al., 2001). The kinetic analyses reported here 
provide a means to begin to evaluate some of these hypotheses. 
a-Oxidation 
a-Oxidation converts a fatty acid into a fatty acid with one fewer carbon. This 
oxidation generates a fatty aldehyde that is subsequently oxidized by an ALDH to the shorter 
fatty acid. R.F2A can oxidize aldehydes with chain lengths of up to 10 carbons, but the 
Kcat/Km ratio decreases as aldehyde chain lengths increase (Table 4.2). The Keai/Km ratio for 
decyl aldehyde is only 0.92, making it one of the worst substrates for RF2A. In addition, a-
oxidation occurs in peroxisome (Jansen et al., 2001), while RF2A is located in mitochondria. 
It is therefore unlikely that RF2A plays a significant role in a-oxidation. 
Lipid Peroxidation 
Male sterility is associated with programmed cell death in sunflower (Balk and 
Leaver, 2001), a process that is associated with oxidative stress and subsequent lipid 
peroxidation (reviewed by Jabs, 1999; Gamaley and Klyubin, 1999). It has been suggested by 
us (Liu et al., 2001) and others (Miller, 2001) that RF2A might be involved in the 
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detoxification of aldehydes generated by lipid peroxidation following the formation of ROS. 
ROS-mediated lipid peroxidation generates 3 to 9 carbon aliphatic aldehydes, trans-2-
hexenal, /m/?s-2-nonenal, malondialdehyde (MDA), 4-HNE, and other aldehydes (Esterbauer 
et al., 1990). Although RF2A s Km for 4-HNE is in the micromolar range, its Kcat is rather 
low, suggesting that 4-HNE will be oxidized by RF2A to a significant degree only when 
RF2A is very abundant. RF2A s Km for another important product of lipid peroxidation, 
//Ymf-2-hexenal, is approximately 56 |iM and its Kcat for this aldehyde is also low. Although 
//wî,s-2-nonenal has been reported to be a product of lipid peroxidation (Townsend et al., 
2001 ), RF2A does not oxidize this aldehyde. Hence, RF2A is not an efficient enzyme for 
detoxifying the «^-unsaturated aldehydes generated by lipid peroxidation. RF2A is able 
oxidize 3- to 9-carbon aliphatic aldehydes that can be produced during lipid peroxidation, but 
its efficiency decreases as the carbon chain lengths increase (Table 4.2). Given these kinetic 
data and our findings that the levels of ROS and lipid peroxidation are not higher in T-
cytoplasm than N-cytoplasm anthers, it is unlikely that RF2A restores fertility to cmsT maize 
by oxidizing the products of lipid peroxidation. If so, the mechanism by which sterility 
occurs in cmsT maize differs from that which occurs in sunflower. 
IAA Biosynthesis 
Because an ALDH from mung bean seedlings can oxidize indole-3-acetaldehyde into 
indole-3-acetic acid (Wightman and Cohen, 1968), it had been suggested that plant ALDHs 
may be involved in IAA biosynthesis (Marumo, 1986). There is, however, to date no 
evidence to either support or refute this physiological role for rf2a. 
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Although the IAA biosynthetic pathway has received intensive study (Normanly et al., 
1995), it is still not clear how plants synthesize this hormone. In bacteria and fungi, IAA can 
be synthesized from tryptophan, generating an indole-3-acetaldehyde intermediate, which can 
then be oxidized to form IAA (Basse et al., 1996; Kawaguchi and Syono," 1996). Based on 
analysis on the orange pericarp auxotrophic mutant of maize, it has been suggested that IAA 
can be synthesized via a tryptophan-independent pathway (Wright et al., 1991). However, the 
tryptophan-dependent pathway also exists in plants (Normanly et al., 1995; Seo et al., 1998). 
Although the enzyme that catalyzes the oxidation of indole-3-acetaldehyde into IAA in this 
tryptophan-dependent pathway has not yet been identified, aldehyde oxidase may be involved 
(Seo et al., 1998). Considering that RF2A has a Km of 5.0 |iM for indole-3-acetaldheyde, it is 
possible that RF2A could be involved in the production of IAA via the tryptophan-dependent 
pathway. However, because RF2A s Kcat for indole-3-acetaldehyde is low (8.2 s'), this 
would only occur in those cell types in which RF2A accumulates to high levels. 
The accumulation of RF2A protein in root tips is enhanced in root cap cells, which are 
involved in gravitropism of roots. Interestingly, there is evidence that IAA is involved in 
gravity perception, and that the concentration of IAA is relatively high in root cap cells (Kim 
et al., 2000). Hence, it is possible that RF2A could be involved in the production of IAA in 
root cap cells. 
Acetaldehyde 
Another role that has been hypothesized for RF2A is the oxidation of acetaldehyde to 
acetate during ethanolic fermentation (Cui et al., 1996). Under stress conditions such as 
hypoxia and cold that interfere with oxidative phosphorylation, ethanolic fermentation 
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generates NAD+ that allows glycolysis to continue to produce ATP. During this process 
pyruvate decarboxylase (PDC, EC 4.1.1.1) decarboxylates pyruvate thereby generating 
acetaldehyde which is subsequently reduced by alcohol dehydrogenase (ADH, EC 1.1.1.1) to 
ethanol via a reversible reaction. Maize contains three PDC genes (Peschke and Sachs, 1993) 
and two ADH genes (Schwartz, 1976), all of which are up regulated by hypoxia (Peschke and 
Sachs, 1993; Paul and Ferl, 1991). 
Over the last several years Kuhlemeier s laboratory has demonstrated that ethanolic 
fermentation occurs during pollen development and pollen germination, even when oxygen is 
not limited (Tadege and Kuhlemeier, 1997; Tadege et al., 1999). Recently, his laboratory 
demonstrated that feeding germinating pollen with labeled ethanol results in the accumulation 
of label in CO? and lipids (Mellema et al., 2002). This is thought to occur via the serial action 
of ADH, ALDH and acetyl-CoA synthase (ACS, EC 6.2.1.1). The kinetic analysis of RF2A 
is consistent with RF2A having a role in this pathway; RF2A s Km for acetaldehyde is 2.4 gM 
and its Kcat is 100 s"1. Hence, its Kcat/Km ratio is 42, the highest ratio for all of the tested 
aldehydes. We conclude that RF2A can efficiently oxidize acetaldehyde. It is not, however, 
yet possible to determine whether RF2A s acetaldehyde dehydrogenase activity is responsible 
for its role in fertility restoration and/or normal anther development. 
Interestingly, RF2B oxidizes many fewer aldehydes than does RF2A and is more 
specific toward short-chain aliphatic aldehydes, including acetaldehyde. The rf2b mRNA 
accumulates to higher levels in plants that have been submerged, and these levels decrease 
following re-aeration (M. Nakazono, personal communication, unpublished data). In 
combination, these results suggest that RF2B may be primarily involved in ethanolic 
fermentation. In contrast, although RF2A can efficiently oxidize acetaldehyde, it is not 
127 
induced by submergence (Cui and Schnable, unpublished data). Hence, it is unlikely that its 
major physiological role is resistance to anaerobic stress. Indeed, rf2a mutants do not exhibit 
elevated sensitivity to anaerobic stress (Cui and Schnable, unpublished data). This provides 
another example of how RF2A and RF2B have undergone functional specialization. 
RF2A May Function in Multiple Biochemical Pathways 
Since most maize lines have never been exposed to T cytoplasm and yet carry 
functional RJ2a alleles, we have hypothesized that the RF2A protein has important functions 
other than restoration of cmsT (Schnable and Wise, 1994). The finding that RF2A is required 
for normal anther development in N-cytoplasm maize established the validity of this 
hypothesis. Kinetic analyses of RF2A extend this conclusion. RF2A s broad substrate 
spectrum makes it a versatile enzyme that could potentially affect many cellular functions. 
For example, its capacity to oxidize benzaldehyde, anisaldehyde, glycolaldehyde and 
cinnamaldehyde suggest that this enzyme could be involved in mulitiple pathways. 
Benzaldehyde is a precursor for some floral aromatic compounds (Dudareva and Pichersky, 
2000); it is also involved in phenylalanine metabolism (Nierop-Groot and Bont, 1999). The 
aromatic compound anisaldehyde may be involved in plant-insect interactions (Teulon et al., 
1993; Kubo and Kinst-Hori, 1998) and redox cycling of H2O2 (Guillen and Evans, 1994). 
Glycolaldehyde is a product of the degradation of carbohydrates (Voziyan et al., 2002) and a 
precursor of the glycolate pathway (Gambardella and Richardson, 1978); it is also an effective 
generator of free radicals (Hofinann et al., 1999). Cinnamaldehyde is involved in lignin 
biosynthesis (Kajita et al., 1996). Hence, based on its kinetic analyses and its expression in a 
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wide variety of organs and at multiple developmental stages, it is possible that RF2A is 
involved in many biochemical pathways. However, because other enzymes accept some of 
these aldehydes as substrates, e.g. aldehyde oxidase (EC 1.1.1.21) (Moriwaki et al., 2001), it 
is not yet possible to determine which aldehydes RF2A oxidizes in vivo. 
RF2A Exhibits Positive Cooperativity 
Another functional specialization between RF2A and RF2B concerns cooperativity. 
The classic model of the physiological advantages conferred by positive cooperativity is the 
binding of hemoglobin to oxygen (reviewed by Harkness, 1971). Compared to a non-
allosteric enzyme, an enzyme that exhibits positive cooperativity is able to reach higher 
reaction rate between certain low substrate concentration (Birch, 1998). This property allows 
hemoglobin to be substantially more effective in transporting oxygen than myoglobin, which 
does not exhibit cooperativity but has a similar 3-D structure. Positive cooperativity allows 
RF2A to detoxify cytotoxic aldehydes at their phsyiological concentrations, i.e., 0.4-2.5 |iM 
(BClyosov, 1996; Fig. 4.4). In contrast, because RF2B does not exhibit positive cooperativity, 
this enzyme has relatively poorer affinity toward its substrates when substrate concentrations 
are low. 
Family 2 mtALDHs and Family I cytosolic ALDHs both exist as homotetramers. 
Even so, it has not previously been reported that any natural ALDHs exhibit cooperativity. 
Recently, however, a yeast cALDH mutant has been shown to exhibit positive cooperativity 
(Wei and Weiner, 2001). A site-directed Arg475 to Gin475 substitution confers upon a yeast 
cALDH the property of cooperativity, at least to the co-factor NADP+ (Wei and Weiner, 
2001). RF2A exhibits cooperativity to a number of its aldehyde substrates, even though it 
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contains a conserved Arg at the position in its structure that corresponds to Arg475 (index 
#534, Fig. 4.9). 
Why Do Organisms have Two mtALDHs? 
In addition to maize, many other species have two mtALDH genes, including, yeast 
(ALDH2 and ALDHS, Wang et al., 1998), human (ALDH2 and ALDHIB1), rice (ALDH2a 
and ALDH2b, Li et al., 2000), Arabidopsis (ALDH2a and ALDH2b, Li et al., 2000, Skibbe et 
al., 2002), and sorghum (ALDH2a and ALDH2b (Genbank Accession AB084897 and 
AB084898). Since this genomic feature is conserved across taxa, including fungi, mammals 
and plants, we hypothesize that this genomic feature has been maintained during evolution by 
selective pressure. This raises the question as to why mitochondria need two ALDHs. 
Mitochondria have different protein profiles at different developmental stages and/or in 
different organs (Wrutniak-Cabello et al., 2001). Hence, it is possible that the two mtALDHs 
are differentially expressed. Indeed, in adult leaves, rf2a transcripts accumulate to higher 
levels than do rJ2b transcripts (Fig. 4.3), and r/2b, but not rf2a, is induced by hypoxia. 
We were, however, also interested in testing the hypothesis that the two mtALDHs 
have different biochemical functions. To date complete kinetic data have not been available 
for the two mtALDHs from any single organism. Although the kinetic features of the human 
mtALDH, ALDH2, have been well described (Greenfield and Pietruszko, 1977; Klyosov, 
1996), kinetic data are not available for the other human mtALDH, ALDHIB I. In addition, 
kinetic data are not available for any purified plant mtALDH. 
Here we have reported the kinetic characterization of the two mtALDHs, RF2A and 
RF2B, from the model grass species, maize. RF2A is capable of oxidizing a wide range of 
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aldehydes while RF2B can oxidize only a few of the tested aldehydes. We have also shown 
that these two mtALDHs differ in other respects, such as different pH optima, different 
inhibition by substrates and disulfiram. In addition, RF2A, but not RF2B, exhibits positive 
cooperativity. These results demonstrate that the two mtALDHs of maize are likely to 
function in different biochemical pathways and under different physiological conditions. 
Differential Accumulation of RF2A and RF2B in Tapetal Cells 
Microspore abortion in cmsT maize is preceded by the premature degeneration of the 
innermost cell layer of anthers, the tapetal layer (Warmke and Lee, 1978). Previously we 
have shown that RF2A antibodies cross-react with tapetal cells in Ky21 plants (Liu et al., 
2001), a finding that is consistent with RJ2a s role in complementing T-cytoplasm induced 
male sterility. In the absence of a mutant, it is not possible to determine whether a functional 
rjlb allele is required for normal anther development. However, data from the current study 
in combination with earlier data establish that RF2B protein does not accumulate to 
significant levels in tapetal cells. Previously, Liu et al. (2001) found that the tapetal cells of 
anthers that are homozygous for rf2a-m8904 do not accumulate protein that reacts with the 
RF2A antibody. This means that either the RF2A antibodies do not detect RF2B or that 
RF2B does not accumulate in the tapetal cells. The finding that these antibodies cross-react 
with protein in root caps and seedling leaves of plants homozygous for rj2a-m8904 
establishes that these antibodies detect RF2B. Hence, we conclude that RF2B does not 
accumulate to detectable levels in tapetal cells. This result provides further support that the 
two mtALDHs of maize have undergone functional specialization. 
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Structural Basis of RF2A and RF2B s Kinetic Properties 
Our data demonstrate that RF2A and RF2B function as homotetramer, as do other 
mtALDHs from mammals. However, since these two proteins have nearly 80% identity at 
amino acid level, and they both accumulate in mitochondria, we do not exclude the 
possibility that they might form heterotetramer in vivo. 
Often when structures of related proteins are analyzed, the focus is on using conserved 
amino acids to identify functional domains. RF2A and RF2B are about 83% similar, yet their 
substrate specificities and other kinetic characteristics are quite different. These differences 
must be a consequence of the differences in the sequences, i.e., the non-conserved amino 
acids must play important roles in the fine-tuning of the protein function. Based on predicted 
3-D protein structures and phylogenic analyses, Prol6l/Thr162, Tyrl62/Leu163, Asp395/Gly396, 
Asp296/Gly297, and Asp529/Tyr530 may play roles in defining the differing kinetic properties of 
RF2A and RF2B. Because these residues are conserved within, but not between, the two 
mtALDHs c lades of grasses, GGS1 and GGS2 (Fig. 4.9), we hypothesize that, like RF2A and 
RF2B, the pairs of mtALDHs from other grass species will also exhibit functional 
specialization. 
MATERIALS AND METHODS 
Plant Materials and Genotyping 
The N-cytoplasm version of the maize (Zea mays L.) inbred line Ky21 is homozygous 
for functional alleles of rf2a (Rf2a-Ky2l) and rf2b (RJ2b-Ky21). This stock is maintained by 
self-pollination. The rf2a-m8122 and rf2a-m8904 alleles were backcrossed into N-cytoplasm 
Ky21 for 9 generations and then self-pollinated. Homogenous lines were established by self-
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pollinating homozygous individuals that had been identified via PCR-based genotyping (see 
below). The rf2a-m8122 and rf2a-m8904 alleles contain Mul and Dsl transposon insertions, 
respectively, in their coding regions. The Mul is located in exon 9 and the Dsl in exon 1 
downstream from the initiation codon ATG (Cui et al., submitted). 
Three pairs of PGR primers used for identifying plants that were homozygous for 
rf2a-m8l22 or rf2a-m8904. The first primer pair, rf2a-4539 (5 - ACA TTG CCA TTA GCC 
CAG TG-3 ) and rf2cl4 (5 -GTG ATG GGC TCC TCT ACT G —3 ), amplifies 0.8- and 0.45-
kb PCR products from RJ2a-Ky2I and from rf2a-m8904, respectively. This primer pair does 
not amplify the rfla-8122 allele. The second primer pair, rf2cl (5 -GCG TCG TTG GTG 
ATC CGT TC- 3 ) and Mu-TIR (5 - AGA GAA GCC AAC GCC A(AT)C GCC TC(CT) ATT 
TCG TC-3 ) amplifies a 0.5-kb PCR product from rf2a-m8122 and does not amplify Rf2a-
Ky21. The third primer pair, Ds-8904 (5 -GGA TTC GGA AAC AAA TTC GG-3 ) and rf2a-
5UTRR (5 -CAT ATT TAT CCC GAT CCC CTT GAA-3 ), amplifies a 0.7-kb PCR product 
from rJ2a-m8904 and does not amplify RJ2a-Ky21. All PCR reactions were carried out for 36 
cycles (94°C, 35 seconds; 58°C, 35 seconds; 72°C, 2.5 minutes). 
Immunolocalization 
Shoots and root tips from 5-day old etiolated seedlings were cut into 0.2 to 0.5 cm 
segments and fixed in 4% formaldehyde and 1% glutaraldehyde in 50 mM PIPES buffer (pH 
7.2) at 4°C overnight. These segments were dehydrated in a series of alcohol solutions (25%, 
50%, 70%, 75%, 80%, 85%, 90%, 95%, 100% (twice), each for 2 hours) and then infiltrated 
with ethanol/LR White (Electron Microscopy Sciences, Fort Washington, PA) in ratios of 1:3, 
1:1, and 3:1, and LR White (twice) for 12 hours each (modified from Parthasarathy, 1994). 
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The embedded sections were cross-sectioned (shoots) or longitudinal-sectioned (root tips) into 
1 -|im-thick sections. Sections were then incubated at room temperature for 3 hours with 
affinity purified anti-RF2A IgG (Liu et al., 2001) at 40 gg/ml concentration diluted in TBS 
buffer containing 3% BSA, 3% nonfat dry milk and 1% goat serum, and then incubated with 
1:50 diluted gold-labeled goat anti-rabbit IgG antibodies (Sigma) at room temperature for 2 
hours. The slides were washed with TBS and distilled water several times and then incubated 
with silver enhancer solution R-gent (Aurion, Wageningen, The Netherlands) for 20 minutes. 
Purification of recombinant RF2A and RF2B proteins 
Plasmids pMAPl 1 and pRB17 that express RF2A and RF2B, respectively, have been 
described previously (Liu et al, 2001; Skibbe et al, 2002). Because the coding regions of the 
respective cDNAs had been cloned into pET17b, protein expression was therefore under the 
control of the T7 promoter in E.coli strain BL21(DE3). Cells were cultured at 37°C until the 
OD reached 0.7. Protein expression was then induced by the addition of 1 mM IPTG and 
cultured at 30°C for an additional 5-6 hrs. Crude cell extracts were prepared as described 
previously (Liu et al, 2001) and loaded onto Whatman cellulose DE52 columns (2.5 x 20 cm), 
equilibrated with Buffer A which contained 25 mM HEPES (pH 7.4), 10% glycerol, 1 mM 
DTT, I mM EOT A. Columns were then washed with six volumes of the same buffer and 
eluted with 100 mM NaCl in Buffer A. 3.0 ml fractions were collected and assayed for 
ALDH activity using 18 p.M acetaldehyde as substrate as described by Liu et al., 2001. This 
assay is specific for recombinant ALDH because E. coli strain BL21(DE3) does not contain 
any endogenous acetaldehyde dehydrogenase activity that can be detected under these 
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conditions (Liu et al., 2001). The pooled ALDH-containing fractions were passed through a 
Sephadex G-50 column (1.5 x 90 cm) equilibrated with PG buffer (20 mM potassium 
phosphate buffer, pH 6.8, 10% glycerol, ImM DTT) at a rate of one drop every 20 seconds. 
ALDH-containing fractions were identified and pooled before being loaded onto a 
hydroxyapatite column equilibrated with PG buffer having an elevated phosphate 
concentration (80 mM). The column was washed with six volumes of PG buffer containing 
80 mM potassium phosphate; ALDH was eluted with PG buffer containing 160 mM 
potassium phosphate. The pooled ALDH was then concentrated to 1 ml using an Ultra-free 
spin column (Millipore, MWCO 50kD) and then diluted to 2 ml in PD buffer (40 mM 
potassium phosphate buffer, pH 6.4, 1 mM DTT) before being loaded onto an NAD-agarose 
column (Sigma) equilibrated with PD buffer. The column was washed with PD buffer, and 
ALDH eluted with 0.1 M potassium phosphate, pH 7.6, 2.5 mM NAD, I mM DTT. Glycerol 
was added to a final concentration of 25% and the purified protein could be stored at —20C 
for at least 15 months without losing activity. 
The procedure used to purify RF2B was similar to that used to purify RF2A. The 
cellulose DE52 column was washed with 100 mM NaCl and RF2B protein was eluted with 
130 mM NaCl. The hydroxyapatite column was washed with 20 mM potassium phosphate 
buffer, pH 6.8, 10% glycerol, ImM DTT and RF2B was eluted with 50 mM potassium 
phosphate buffer, pH 6.8, 10% glycerol, I mM DTT. The pooled RF2B-containing fractions 
was then passed through a Blue-Cibracon GF-3A (Bio-Rad, Hercules, CA) column 
equilibrated with 20 mM potassium phosphate buffer, pH 6.8, 10% glycerol, 1 mM DTT and 
eluted with the same buffer. Glycerol was added to the final preparation to a final 
concentration of 25%. 
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In vitro import of RF2B protein into mitochondria 
Plasmid pRBLl was used for in vitro transcription/translation. PRBLl was derived 
from pRB73 (Skibbe et al., 2002). Amplification of pRB73 with PCR primers rb7 (5 TGC 
TAG CAA CCG TGA GGA GGG C 3 ) and rbc9 (5 CGG CGG TCT TGA GGA CGA 
CGG TGT T3 ) resulted in the removal of the 5 untranslated region from the rf2b cDNA. 
The resulting PCR product was digested with Nhel and Hindlll, and ligated into Nhel/Hindlll 
digested pRB73 to generate pRBLl. The pRBLl plasmid was linearized with EcoRV 
digestion and in vitro transcription/translation was carried out with TNT quick 
transcription/translation kit from Promega (Madison, WI). Mitochondria were isolated from 
maize N-cytoplasm Ky21 etiolated seedlings and purified via a three-step Percoll gradient 
centrifugation procedure (Jackson and Moore, 1979) and immediately used for import 
experiments. Import experiments were conducted according to Rudhe et al. (2002). SDS-
PAGE gels were dried in a frame sandwiched by two pieces of celluphane membrane 
(Biodesign, Inc., Carmel, NY) and exposed at —70C. 
Determination of molecular masses of RF2A and RF2B 
Purified recombinant RF2A and partially purified recombinant RF2B protein were 
used for molecular mass determinations on a Sephacryl S-300 column (1.5 x 90 cm) 
equilibrated with 20 mM sodium phosphate, pH 7.4, 0.1 M sodium chloride, 10% glycerol 
and 1 mM DTT. Carbonic anhydrase (29 kD), bovine albumin (66 kD), alcohol 
dehydrogenase (150 kD), ^-amylase (200 kD), apoferritin (443 kD) and thyroglobulin (669 
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kD) were used as molecular mass standards (Cat # MW-GF-1000, Sigma, St. Louis, MO). 
Each protein was individually passed through the column at a constant flow rate of 25 
seconds per drop. Fractions of 1.6 ml were collected. The presence of molecular mass 
standards in each fraction was monitored by absorbance at 280 nm. RF2A and RF2B were 
individually passed through the column. The presence of RF2A and RF2B in fractions was 
monitored via an ALDH assay using 18 (iM acetaldehyde as substrate. Void volumes (VQ) 
and elution volumes (Ve) of each protein were measured twice. Molecular masses were 
estimated via the semilog plot (Log(Mw) vs. VJV0 ) method (Marshall, 1970). 
Enzyme assays 
ALDH assays were conducted as described previously (Liu et al, 2001). Esterase 
assays were performed according to Sheikh et al. (1997). The kinetics of RF2A was assayed 
in 0.1 M tetrasodium pyrophosphate buffer, pH 9.0, and 1.5 mM NAD . The kinetics of 
RF2B was assayed in 0.1 M sodium phosphate buffer, pH 7.5, and 1.5 mM NAD+. All 
ALDH assays were conducted with a SpectroMax Gemini (Molecular Device, Sunnyvale, 
CA) in a 96-well plate using a 300 |iL reaction volume. Fluorescence of NAD H was excited 
at 365 nm and emission at 460 nm was monitored. Kinetic parameters were calculated using 
the Enzfit program (Elsevier-Biosoft, Cambridge, UK). Inhibition of ALDH activity by 
disulfiram was measured as described by Lam et al., 1997. Before the ALDH assays were 
conducted, the purified RF2A or RF2B proteins were incubated with 0.5 mM disulfiram at 
room temperature for 15 minutes, respectively. The assay mixture contained 18 pM 
acetaldehyde and 1.5 mM NAD\ 
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Formaldehyde, acetaldehyde, propionaldehyde, butyraldehyde, benzaldehyde, 4-
nitrobenzaldehyde, ^ -anisaldehyde and /w-anisaldehyde were purchased from ACROS 
Organics/Fisher Scientific, Pittsburgh, PA; valeraldehyde, hexanal, hepty(aldehyde, octanal, 
nonanai, decanal, acrolein, /ra/is-2-hexenal, /raw.s-2-nonenaI, citral, 9-cZ$-retinal, all-trans-
retinal, chloroacetaldehyde, pyruvic aldehyde and indole-3-acetaldehyde were purchased from 
Sigma, St. Louis, MO; /roMf-cinnamaldehyde, o-nitrocinnamaldehyde, 2-naphthaldehyde and 
indole-3-carboxyaldehyde were purchased from Aldrich, Milwaukee, Wl; glycolaldehyde was 
purchased from ICN Biomedicals, Inc., Aurora, OH; 4-HNE was purchased from 
Calbiochem, San Diego, CA. 
To assay native mtALDH activity, mitochondria were purified from 7-day old 
etiolated maize seedlings according to Jackson and Moore (1979). Mitochondrial pellets 
were resuspended in 50 mM HEPES, pH 7.4, 10% glycerol, 0.25% Triton X-100, 1 mM 
EDTA, and 1 mM DTT, and then sonicated using a Fisher Dismembrator (model F60). 
Disrupted mitochondria were centrifuged at 20,000 x g for 20 minutes and the supernatant 
used for ALDH assays. Each assay contained 1.2 mg of protein from the mitochondria extract 
and 1.5 mM NAD+. 
N-terminal sequencing of RF2A 
Mitochondria were isolated from ~l kg of 6-day-old etiolated seedlings from the N-
cytoplasm inbred Ky21 as described previously (Liu et al, 2001). A mitochondrial extract 
was prepared by sonicating mitochondria for 2-5 minutes in TBS buffer with 0.1% Triton X-
100 using a Fisher Dismembrator (model F60) followed by centrifugation at 12,000 g for 20 
minutes. The supernatant was then incubated with RF2A anti-sera-protein A-agarose beads at 
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room temperature for 30 minutes with gentle shaking. The agarose beads were spun down 
and washed three times with TBS, followed by a final wash in 10 mM Tris (pH 8.0). 0.1 M 
glycine-HCl (pH 2.8) was added to the beads that were then incubated at room temperature 
for 5 minutes. After centrifugation at 2000x g for 5 minutes the supernatant was collected and 
subjected to 10% SDS-PAGE gel electrophoresis. Proteins were then transferred overnight to 
a PVDF membrane (Millipore, Inc., Bedford, MA) using a Bio-Rad transfer device at 10 V. 
The PVDF membrane was stained with 0.05% Coomassie blue R-250 and destained with 45% 
methanol and 10% acetic acid. That portion of the membrane that contained the ~54 kD band 
was excised and washed with distilled HiO prior to being subjected to Edman-degradation N-
terminal sequencing at the Iowa State University Protein Facility. 
RNA gel blotting 
RNA samples were isolated according to the protocol posted at the Arabidopsis 
Functional Genomics Consortium web site (http://www.arabidopsis.org). All samples were 
collected from N-cytoplasm Ky21 plants unless otherwise indicated. Seedling leaf and root 
RNAs were isolated from 7-day old seedlings of N-cytoplasm Ky21 or near-isogenic N-
cytoplasm seedlings homozygous for rf2a-m8904\ husk, silk and ear RNAs were isolated 
unpollinated ear shoots (approximately 10-cm in length); young tassel RNA was isolated 
from a tassel (approximately 15-cm in length) that was still deep in the leaf whorl and 
contained anthers that had not yet reached the middle microspore stage; older tassel RNA 
was isolated from a that had already emerged from the leaf whole but from which anthers (at 
the early microspore to late pollen stages) had not yet exerted. RNAs were electrophoresed 
through a formaldehyde-containing denaturing agarose gel (Sambrook et al., 1989) and then 
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transferred to GeneScreen hybridization membranes (PerkinElmer, Boston, MA). The rjla 
transcripts were detected using as a probe a PCR product amplified from plasmid prf27311 
(Cui et al., 1996) with primers rf2a5UTRF (5 -GCA CCG GCA GCC ATT ACT TAC T-3 ) 
and rf2GE (5 -TGT ACG AGG GTC CAG AGT TG-3 ). The rflb transcripts were detected 
using as a probe a PCR product amplified from plasmid pRB73 (Skibbe et al., 2002) with 
primers rf2b5UTRF (5 -CTT TGT GGC GGC GAT GGT CA-3 ) and rf2b5UTRR (5 -CAG 
CCC TCC TCA CGG TTG C-3 ). Hybridizations were conducted at 68°C overnight 
(Sambrook et al., 1989). 
RT-PCR 
Total RNA from K.y2l or rf2a-m8904 mutant plants was used as templates for RT-
PCR to amplify transcripts of rf2a (1 ng) or «-tubulin (10 ng). The primers for rJ2a 
amplification are rf2ac7 (5 - CAA CTC TGG ACC CTC GTA CA-3 ) and rf2al3-xq (5 -
TAG CAA GAG CAG CAC CAG CAG -3 ). The «-tubulin cDNA was downloaded from 
Genbank (Accession AF249276), and the primers are TBI (5 -ATG GCA TCC AGG CTG 
ATG GT-3 ) and TB2 (5 -TAT GGC TCA ACT ACC GAA GT-3 ). The RT-PCR was 
conducted with Qiagen one-step RT-PCR kit (Cat# 210212, Qiagen, Inc., Valencia, CA). 
First-stand cDNA synthesis was conducted at 55°C for 30 minutes followed by 15 minutes at 
95°C to activate the Taq DNA polymerase. The PCR reactions were then conducted for 30 
cycles, each cycle includes 94°C for 35 seconds, 58°C for 35 seconds and 72°C for 2 
minutes. 
3-D protein modeling 
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The structures of RF2A and RF2B were predicted by SWISS-MODEL (Guex and 
Peitsch, 1997) using known ALDH structures identified by the program. For both RF2A and 
RF2B, the templates were Protein Data Bank numbers 1A4S and IBPW (cod betaine ALDH), 
1A4Z and 1 AGS (bovine ALDH2), 1AD3 (rat ALDH3), 1BI9 (rat RALDH), 1BXS (sheep 
Class 1 ALDH), ICW3 (human ALDH2), 1EYY and 1EZ0 (NADP+-dependent ALDH from 
Vibrio harveyi), and 1QI1, 1Q16, IEUH, and 1QII (NADP+-dependent ALDH from 
Streptococcus mutans). Ribbon images were prepared using MOLMOL software (Koradi et 
al., 1996). 
Assays of Lipid Peroxidation and ROS 
Spikelets containing anthers from meiocyte to early microspore stages were ground in 
a homogenizing buffer containing 20 mM potassium phosphate, pH 7.0, 5 mM butylated 
hydroxytoluene and 0.1% TCA. The homogenate was passed through 4 layers of cheesecloth 
and centrifuged at 4000 x g for 5 minutes. The supernatant was used to assay lipid 
peroxidation assay according to the manufacturer s instructions (cat #FR12, Oxford 
Biomedical Research, Oxford, MI). Protein assays were conducted using a Bio-Rad protein 
assay kit (Bio-Rad, Hercules, CA). 
Maize anthers from upper florets were dissected and immersed in 0.1 M potassium 
phosphate buffer (pH 7.0) containing 50 (iM 2,7-dicholofluorescin 3,6-diacetate (ACROS 
Organics, Pittsburgh, PA) at room temperature for 20 minutes. After being washed three 
times in 0.1 M potassium phosphate buffer (pH 7.0) anthers were viewed under a fluorescence 
microscope (Olympus, model SZX-ILLD100) with an excitation wavelength of488 nm and 
an emission wavelength of 515 nm. 
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Table 4.1 Purification of recombinant RF2A and RF2B 
One unit of enzyme activity (U) is expressed as 1 (xmol of NADH produced per minute. 
Specific activity is expressed as unit activity per mg protein. Purification fold is expressed as 
increased specific activity normalized by specific activity from the soluble extract. The data 
presented represent one typical experiment. 
Soluble NAD-
Extract DE52 G-50 HT agarose F3GA 
RF2A Total protein (mg) 202 90.0 66.2 5.70 0.700 -
Total activity (U x 103) 29.0 25.7 12.2 6.70 3.66 -
Specific Activity (U mg"1) 144 285 184 1,180 5,230 -
Purification fold - 2.2 1.4 8.2 36 -
RF2B Total protein (mg) 334 20.8 15.0 5.2 - 0.41 
Total activity (U x 103) 102 53.6 38.1 26.7 - 7.46 
Specific Activity (U mg"1) 306 2,580 2,540 5,140 - 18,200 
Purification fold 8.4 8.3 17 60 
Table 4.2 Kinetic analyses of RF2A and RF2B. 
ALDH activities of purified recombinant RF2A and RF2B proteins were assayed with a series of substrate concentrations for 
each aldehyde to determine the Km and Vm. Data represent averages from at least three experiments. Vm is expressed as as pmol 
ofNADH produced per min (per jig of enzyme). 
K„a(kiM) 
Hill  
coefficient V m/Kn 
Substrate Substrate structure RF2A RF2B RF2A RF2B RF2A RF2A RF2B 
Saturated aliphatic 
aldehydes 
Formaldehyde 
Acetaldehyde 
Propionaldehyde 
Butyraldehyde 
Valeraldehyde 
Hexanal 
Heptaldehyde 
Octanal 
nonanal 
Decylaldehyde 
=o 
^0 
110-20 
2.4-0.7 
3.5-0.5 
3.1-0.6 
1.5-0.3 
2.0-0.2 
4.6-1.0 
7.3-1.0 
9.5-2.0 
15-0.4 
540-90 
6.6-0.8 
5.4-0.7 
2.6-0.5 
Trace6 
4.3-0.3 
100-3 
72-13 
46-3 
9.5-2 
1 1 - 2  
30-2 
23-3 
19-3 
14-1 
15-1 
100-27 
130- 15 
120-21 
NC 
2.8-0.6 
3.1-0.7 
3.1-0.3 
3.2-0.7 
3.7-0.2 
2.1 -0.9 
3.9-0.1 
3.0-1.5 
3.9-0.2 
0.39 
43 
21 
18 
6.2 
5.6 
6.5 
3.0 
2.0 
0.92 
0.03 
23 
25 
43 
Aromatic aldehydes 
Benzaldehyde <y 3.4-0.9 30-3 • 5
 
i o
 
bo
 
8.8 
4-nitrobenzaldehyde xy -4
 
'jit 1 N) © 10-2 3.1-0.3 14 
p-anisaldehyde 
o
 1 
Os o
 1.8-0.1 NC 6.5 
w-anisaldehyde 2.1-0.03 5.9-1 NC 14 
//ww-cinnamaldehyde 
o
 
r
i 
3.5-0.3 31-3 NC 8.8 
o-nitrocinnamaldehyde 3.0- 1.0 59-6 NC 19 
Unsaturated aliphatic 
aldehydes 
Acrolein (propenal) 
//•fl/w-2-hexenal 
//w«-2-nonenal 
4-hydroxy-2-nonenal (4-
HNE) 
citral 
13-1 
55-7 
1.1 -0.3 
3.0-0.9 
36-3 
5.2-1 
4.3-1 
4.6-0.6 
NC 
NC 
NC 
NC 
NC 
2.7 
0.10 
3.9 
1.5 
Retinal aldehydes 
9-cw-retinal 
all-//wi.s-retinal 
Other aldehydes 
Chloroacetaldehyde 
Glycolaldehyde 
Pyruvic aldehyde 
lndole-3-acetaldehyde 
ci^ 
HO ^ O 
11 — 1 - 72 — 3 
9.6-2 500- 130 100- 12 153-26 
4.9-1 
5.0- 1 
6.2 - 0.3 
8.2-3 
NC 
NC 
NC 
NC 
6.5 
11 
1.2 
1.7 
0.29 
Indole-3- f~% 
carboxyaldehyde 
2-naphthaldehyde 
aKm should be apparent K for those substrate that show positive cooperativity. 
bNC, no cooperativity was observed with aldehyde substrate. 
c
-, ALDH activity not detected with various aldehyde concentrations and in the presence of at least 10 fig of purified 
enzyme. 
''Trace, only trace activity detected with 10 ^g of purified enzyme. 
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Table 4.3 Lipid peroxidation assay of maize 
spikelets. MDA concentrations are expressed 
as pM per mg protein. Data represent the 
averages of two parallel experiments. 
MDA concentration 
(N)Ky21 16.4 ±0.9 
(N) rf2a-m8904 15.8 ± 1.2 
(T)K.y21 17.9 ±2.1 
ÇT)rJ2a-m8904 17.0 ±2.6 
Table 4.4 ALDH assays of maize mitochondrial preparations. 
Mitochondria were purified from etiolated maize seedlings of the inbred 
line Ky2lor homozygous for rJ2a-m8122 and ALDH assays were conducted as 
described in the Materials and Methods. The data represent the average from 
two parallel experiments; in each experiment ALDH activity was measured 3 
times for each substrate concentration. ALDH activity is expressed as ^imol of 
Substrate 
Substrate 
concentration Ky21 rf2a-m8122 
Glycoaldehyde 20 nM 12-0.1 3.2-0.4 
4.0 mM 16-2 7.8-0.5 
Acetaldehyde 18 gM 18-0.1 6.8-0.8 
1.8 mM 17-4 8.1 -0.1 
157 
Mitochondria 
Proteinase K 
Triton X-100 
Valinomycin 
— m 
Figure 4.1 In vitro import of RF2B precursor protein into mitochondria. S35-Met 
labeled RF2B protein was incubated with purified maize mitochondria, proteinase K, Triton 
X-100, and/or valinomycin as indicated, subjected to SDS-PAGE, and exposed to X-ray film, 
p, precursor RF2B; m, cleaved mitochondrial form of RF2B. 
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Figure 4.2 Accumulation of RF2A and RF2B in mitochondria. A, RF2A antibodies recognize 
both recombinant RF2A and RF2B. 0.25 mg purified recombinant RF2A and RF2B were spotted on 
a nitrocellulose membrane and immuno-reacted with RF2A antibodies (a) or stained with Coomassie 
Blue (b). B, mitochondrial extracts were subjected to SDS-PAGE and then transferred to 
nitrocellulose membrane. The membrane was sequentially incubated with rabbit anti-RF2A IgG, 
alkaline phosphate conjugated goat anti-rabbit IgG monoclonal antibody and NBT/BCIP solutions. 
Each lane contains 150 mg of total mitochondrial protein. A duplicate Coomassie Blue-stained 
polyacrylamide gel is shown below as a loading control. C, accumulation of rf2a transcripts in rf2a-
m8904 mutant plants as analyzed by RT-PCR. a-tubulin serves as a control. 
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Figure 4.3 RNA gel-blot analyses of rf2a and rf2b transcripts. A, tf2a, B, rf2b. Unless 
otherwise indicated, all RNA were extracted from the inbred line Ky21. Each lane contained 
15 gg of RNA. RNA gel blots were hybridized with 32P-labeled rf2a- and /^26-specific 
probes, respectively. Ethium bromide-stained rRNAs are shown below as loading controls. 
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Figure 4.4 Immunolocalization of RF2A and RF2B proteins. A, Cross-section of shoot 
from a 5-day old Ky21 seedling that is homozygous for the Rf2a-Ky2I and Rf2b-Ky21 
alleles. B, Cross-section of shoot from a 5-day old seedling that is homozygous for rf2a-
m8904 and Rf2b-Ky21 allele, and which is nearly isogenic with Ky21. C, longitudinal section 
of the root tip from a 5-day old Ky21 seedling. D, longitudinal section of root tip from a 5-
day old seedling with the same genotype as B. All sections were incubated with affinity-
purified rabbit anti-RF2A antibodies, followed by gold-labeled goat anti-rabbit IgG 
antibodies and silver enhancement and viewed under a light microscope using phase contrast. 
EP, epidermis; MP, mesophyll cells; BS, bundle sheath cells; VS, vascular tissue; PP, 
peripheral cells; MS, root meristem; CA, calyptrogen cells; CO, columella cells. 
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Figure 4.5 Purification of recombinant RF2A and RF2B from E. coli. A, RF2A; B, 
RF2B. For both A and B: pooled ALDH-containing fractions from each step were subjected 
to SDS-PAGE and stained with Coomassie Blue R-250. SF, soluble fractions of extracts 
from E. coli that carry pMAPl 1 or pRB17; DE52, ALDH-containing fractions from 
Whatman cellulose DE52 columns; HAP, ALDH-containing fractions from hydroxyappitite 
columns; NA, ALDH-containing fractions from NAD-agarose columns; G50, ALDH 
fractions from Sephadex G50 columns; BC, ALDH-containing fractions from Blue-Cibracon 
GF-3A affinity columns. 
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Figure 4.6 Biochemical characterizations of RF2A and RF2B. A, pH optima. pH 6.0 to 
8.0 buffer was 0.1 M sodium phosphate; pH 8.5 to 9.5 buffer was 0.1 M tetrasodium 
pyrophosphate; pH 10.0 buffer was sodium bicarbonate-cabonate. B, substrate inhibition. 
For both RF2A nd RF2B, assays were conducted in 0.1 M tetrasodium pyrophosphate buffer, 
pH 8.5. C, esterase activity. Assays were conducted in 50 mM sodium phosphate buffer, pH 
7.4, 125 |iM of phenylacetate was used as substrate. The control is the assay mixture without 
enzyme. D, disulfiram inhibition. RF2A and RF2B were incubated with (+DSF) or without 
(-DSF) 0.5 mM disulfiram for 15 minutes before ALDH assay. E, positive cooperativity of 
RF2A. All assays were conducted at room temperature and used 18 (J.M acetaldehyde, 2 fig 
of RF2 A or l|ig of RF2B unless otherwise 
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Figure 4.7 Determination of ROS levels in maize anthers. A, anthers visualized under 
fluorescent light; B, the same anthers visualized under white light. Anthers were dissected 
from plants homozygous for rf2a-m8904 but otherwise nearly congenic with the inbred line 
Ky21. Anthers above the dashed line were harvested from a T-cytoplasm plant; anthers 
below the dashed line were from an N-cytoplasm plant. The smaller and larger anthers were 
at the meiocyte and early microspore stages, respectively. Anthers were stained with 
DCFDA. Fluorescence reflects ROS levels. The fluorescence in the filaments at the base of 
the anthers reveals the increased levels of ROS that accumulated followed the wounding that 
occurred when the anthers were excised from their florets. 
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Figure 4.8 Predicted 3-D structures of RF2A and RF2B. Structures were predicted by 
Swiss-Model (Guex and Peitsch, 1997) and cross-eyed stereo images were prepared with 
MOLMOL software (Koradi et al., 1996). A, RF2A; B, RF2B. Pro16l/Thr162, Tyrl62/Leu163, 
Asp395/Gly396, Asp296/Gly297, Asp529/Tyr530 substitutions are conserved between Grass Group 
1 (RF2A/OsALDH2B/SbALDH2B) and Grass Group 2 (RF2B/OsADLH2A/SbALDH2A) 
and are located around the substrate pockets. Residues De168/Ala169, Phe340/Gln341 are not 
conserved between the two groups but are also located on the surface of the substrate pocket 
and may play roles in defining substrate specificity. The catalytic Cys (Cys350/Cys351) is 
shown in both images. Gin53 /Gin536 is equivalent to the human "oriental mutation" E487K, 
which is believed to be involved in subunit interaction. Val536/Thr537 is the amino acid next 
to it and this substitution is also conserved between the two groups of mtALDHs. 
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Figure 4.9 Amino acid alignment of grass mtALDHs. The mitochondrial motifs predicted 
by pSORT (http://psort.nibb.ac.jpA are boxed. Filled triangles indicate the five conserved 
amino acid substitutions between Grass Group 1 (GG1) and Grass Group 2 (GG2) mtALDHs 
that are located around the substrate pockets as shown in Figure 8; open triangles indicate 
other conserved amino acid substitutions between GGl and GG2. The catalytic Cys and Glu 
are indicated by filled diamonds. IleI68/Alal69and Phe340/Gln341 are indicated by open 
diamonds. Sb, Sorghum bicolor; Os, Oryza sativa. 
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Figure 4.10 Phylogentic tree of plant and mammalian Family 1 and Family 2 ALDHs. 
Sequences were downloaded from Genbank or the Protein Data Bank and then aligned with 
ClustalX (Thompson et al., 1997); the tree was produced using the Genebee 
program(httD:/7wvvw.genebee.msu.sii/services/phtree reduced.html"). Numbers shown at 
the branches of the tree are boostrap values that indicate the percentage a particular branch 
was place at the position in 100 individual bootstrap experiments. The numbers shown 
below the frame indicate the percentage of amino acid changes. Zm, Zea mays-, Sb, Sorghum 
bicolor, Os, Oryza saliva; Nt, Nicotiana tobacum; At, Arabidopsis thaliana; Bt, Bos taurus; 
Rn, Rattus norvégiens; Hs, Homo sapiens. 
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CHAPTER 5 
MAIZE CYTOSOLIC ALDEHYDE DEHYDROGENASES 
EXHIBIT SPECIFICITY TO ALDEHYDES PRODUCED VIA 
LIPID PEROXIDATION 
A paper in preparation for submission to The Plant Cell 
Feng Liu1-2, David S. Skibbe1'3, Patrick S. Schnable1,2,3,4,5 
ABSTRACT 
Plants respond to many stresses by accumulating reactive oxygen species (ROS) and 
lipoxygenase (LOX). Exogenous ABA and wounding, but not hypoxia, increase the 
accumulation of ROS in maize. Similarly, wounding and hypoxia, but not exogenous ABA, 
increase the accumulation of maize LOX. ROS and LOX both stimulate lipid peroxidation, 
which results in the formation of aldehydes. Unless detoxified, these aldehydes (e.g., 4-
hydroxy-2-nonenal, 4-HNE) can react with, and thereby damage, DNA and proteins. Here, 
we report that maize cytosolic aldehyde dehydrogenases (cALDHs) have kinetic and 
regulatory features that suggest they may function to oxidize aldehydes generated via stress-
1 Department of Zoology & Genetics, Iowa State University, Ames, Iowa 50011; 
2Interdepartmental Genetics Program, Iowa State University, Ames, Iowa 50011;3Molecular, 
Cellular, and Developmental Biology Program, Iowa State University, Ames, Iowa 50011; 
^Department of Agronomy, Iowa State University, Ames, Iowa 50011; 
^Center for Plant Genomics, Iowa State University, Ames, Iowa 50011. 
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induced lipid peroxidation. The purified recombinant cALDHs, RF2C and RF2D, have Kms 
in the micromolar range for the «^-unsaturated aldehydes (including 4-HNE) that result 
from lipid peroxidation. The rf2c and rf2d genes are up-regulated at the transcript and 
protein levels by stress conditions (wounding, hypoxia and exogenous ABA) that stimulate 
the accumulation of ROS and LOX. Hence, the kinetic and regulatory features of the maize 
cALDHs provide strong support for the hypothesis that they are involved in detoxifying 
aldehydes generated by lipid peroxidation, and are therefore likely to function in the plant 
stress defense system. 
INTRODUCTION 
The most biologically significant reactive oxygen species (ROS) include oxygen free radicals 
(02"), hydrogen peroxide (H2O2) and hydroxyl free radicals (OH**). These oxidants have 
been intensively studied because of their critical roles in regulating a broad range of cell 
functions and most importantly, programmed cell death (PCD). PCD is a fundamental 
process for defense response against pathogens and stresses in animal and plant cells (Jabs, 
1999; Dalton et al., 1999; Gamaley and Klyubin, 1999; Sandermann, 2000; Turpaev, 2002), 
as well as a fundamental process for regulating developmental programs, such as self-
incompatibility, organ senescence and seed development (reviewed by Beers and McDowell, 
2001). The accumulation of ROS triggers a series of reactions leading to PCD. Among the 
three ROS, OH*" is extremely active and reacts with adjacent molecules readily, while H2O2 
is more stable and can be transported to different organs via the vascular system (Orozco-
C rdenas et al., 2001 ). In fact, H2O2 is a secondary messenger for a number of abiotic 
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stresses including wounding and hypoxia (Orozco-C rdenas et al., 2001; Baxter-Burrell et 
al., 2002). 
In plants, a number of environment stresses or treatments increase levels of ROS, 
including pathogen infection (reviewed by Lamb and Dixon, 1997; Grant and Loake, 2000), 
salt stress (Gueta-Dahan et al., 1997), wounding (Le n et al., 2001), chilling ( Prasad et al., 
1994) and the application of exogenous ABA (Murata, et al., 2001; Jiang and Zhang, 2001). 
In animals, ROS levels increase during hypoxia and the following re-aeration (Chandel et al., 
1998). When levels of cellular ROS increase, one of the early events that leads to PCD is 
lipid peroxidation (reviewed by Comporti, 1989). ROS attack membrane lipids and initiate a 
chain reaction termed lipid peroxidation. First, a lipid peroxy free radical (ROO*) is 
generated (initiation); ROO* attacks the adjacent lipids and generates another ROO* 
(propagation), as well as cytotoxic aldehydes. The propagation reactions continue and 
ultimately alter membrane lipid composition and function, thus leading to the accumulation 
of aldehydes. 
Lipid peroxidation can also occur enzymatically via lipoxygenases (LOXs, EC 
1.13.11.12) (Maccarrone et al., 2001 ). LOXs oxidize fatty acids to their corresponding 
hydroperoxy derivatives. LOXs are induced by many stresses, including pathogen infection 
(reviewed by Rosahl, 1996), ozone (Maccarrone et al., 1997), hypoxia (Pavelic et al., 2000), 
and wounding (Rosahl, 1996). LOXs are also induced by secondary messengers such as 
H2O2 (reviewed by Kanner et al., 1987), systemin (Heitz et al., 1997), and jasmonic acid 
(Weichert et al., 2000). Like ROS, LOXs play critical roles in PCD in both animals and 
plants (Maccarrone et al., 2001). Although the accumulation of ROS can induce LOXs 
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(reviewed by Kanner et al., 1987), there are also ROS-independent LOXs activation 
pathways (Pavelic et al., 2000). 
In addition to affecting membrane function, lipid peroxidation can affect other 
cellular processes due to the ability of resulting aldehyde products to react with biological 
macromolecules, including DNA and protein via sulphydryl and amino groups. This can 
inhibit protein and DNA synthesis, and therefore inhibit many normal cellular functions 
(Schauenstein et al., 1977). The aldehydes produced via the ROS-mediated lipid 
peroxidation include 3- to 10-carbon aliphatic aldehydes, malondialdehyde (MDA), trans-2-
hexenal, /ram-2-nonenal and 4-hydroxy-2-nonenal (4-HNE) (Esterbauer et al., 1990). The 
aldehydes produced via LOX-mediated lipid peroxidation include /ra«.y-2-hexenal, trans-2-
nonenal and 4-HNE (Zhuang et al., 1996; Noordermeer et al., 2001; Kohlmann et al., 1999; 
Gaillard and Phillips, 1986; and Gardner and Grove, 1998). In mammalian cells, these 
aldehydes can be detoxified by several enzymes, such as aldose reductase (AR, EC 1.1.1.21) 
(Srivastava et al., 1999; Burczynski et al., 2001), glutothione S-transferase (GST, EC 
2.5.1.18) (Hiratsuka et al., 2001), and aldehyde dehydrogenases (ALDHs) (EC 1.2.1.5) 
(Lindahl and Petersen, 1991). 
ALDHs (EC 1.2.1.3 and EC 1.2.1.5) are a group of enzymes that oxidize aldehydes 
into their corresponding carboxylic acids in the presence of NAD(P)+. The ALDH super 
gene family consists of more than 300 genes from many taxa (Vasiliou et al., 1999). On the 
basis of kinetic characterizations and subcellular localizations, ALDHs were previously 
grouped into three classes (Reviewed by Lindahl, 1992). Class 1 and Class 2 ALDHs are 
cytosolic (cALDHs) and mitochondrial (mtALDHs) forms, respectively. Class 3 ALDHs 
also accumulate in the cytosol, but based on sequence alignments, are only distantly related 
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to the Class I and Class 2 ALDHs. More recently, the ALDH Nomenclature Committee 
proposed a new classification of ALDHs based on evolutionary divergence (Vasiliou et al., 
1999; Sophos et al., 2001). According to this new system, ALDHs are classified into 
families and subfamilies. In general, Family 1 ALDHs include Class I ALDHs and Family 2 
includes Class 2 ALDHs. 
In mammals, Family 3 includes both prototypic Class 3 ALDHs (for example, human 
ALDH3A1) and fatty ALDHs (for example, human ALDH3A2, previously designated 
ALDH 10) (Figure 5.1). Although prototypic Class 3 ALDHs accumulate in the cytosol as 
dimers, fatty ALDHs accumulate in the microsome as tetramers (Lindahl and Evces, 1984; 
Lindahl and Petersen, 1991). Plant ALDHs with high similarity to mammalian Family 3 
ALDHs have been identified. Some (i.e., AtALDH3Fl and AtALDH4), are predicted to 
accumulate in the microsome; others (i.e., Cp-ALDH and AtALDH3), accumulate or are 
predicted to accumulate in the chloroplast (Kirch et al., 2001). In this report, the prototypic 
Class 3 ALDHs are referred to as Family 3 cALDHs (cytosolic ALDHs), the fatty ALDHs 
as Family 3 msALDHs (microsomal ALDHs) and chloroplastic ALDHs as Family 3 
chALDHs (chloroplastic ALDHs). 
Mutations in human the Family 3 msALDH (ALDH3A2) cause Sj gren-Larsson 
Syndrome with phenotypes of ichthyosis, mental retardation and spasticity (De Laurenzi et 
al., 1996; Rizzo et al., 2001). The three types of Family 3 ALDHs have different kinetic 
properties. Family 3 ms ALDHs can oxidize 3- to 9-carbon «.^-unsaturated aldehydes, but 
not 4-HNE or MDA (Mitchell and Petersen, 1989; Lindahl and Petersen, 1991). Similarly, 
the Family 3 chALDH characterized by Kirch et al. (2001) can not oxidize 4-HNE; it can, 
however, oxidize the saturated aliphatic aldehydes propionaldehyde and nonanal. Unlike the 
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Family 3 ms ALDHs and chALDH, the Family 3 cALDHs can oxidize 4-HNE and 
malondialdehyde (MDA). They are, however, less effective at oxidizing 3- to 9- carbon a,P~ 
unsaturated aldehydes than are Family 3 ms ALDHs (Lindahl and Petersen, 1991). 
Many plant Family 2 ALDH (i.e., mtALDH) genes have been cloned and 
characterized (Cui et al., 1996; op den camp et al., 1997; Meguro et al., 2001, Nakazono et 
al., 2000; Li et al., 2000; Skibbe et al., 2002), but to date only a few Family 1 cALDH genes 
have been cloned from plants. These include one from Arabidopsis (Li et al., 2000; Skibbe 
et al., 2002), one from rice (Li et al., 2000), and two from maize (Skibbe et al., 2002). 
These cALDHs are more closely related to each other than to the mtALDHs from the same 
species, suggesting that they have conserved function(s), which may be distinct from those 
of the mtALDHs. However, none of the plant Family I cALDHs has been studied at the 
protein level. Because kinetic and detailed expression analyses have not been conducted, 
their functions in plant cells are not known. Although mammalian Family I cALDHs are 
involved in oxidizing retinal, there is no evidence that retinal exists in higher plant cells 
(fCreimer et al., 1991). Hence, plant Family 1 cALDHs are likely to have different functions 
than the animal Family 1 cALDHs. 
In maize there are two Family 2 mtALDHs, rfla and rflb, and two Family 1 
cALDHs, rflc and rj2d (Skibbe et al., 2002). The rfla gene can restore fertility to Texas (T) 
cytoplasmic male sterile maize lines (reviewed by Duvick, 1965), and is required for normal 
anther development (Liu et al., 2001). RF2A exhibits a broad substrate spectrum (Liu and 
Schnable, submitted), so it is not clear which pathway(s) is involved in anther development. 
RF2B, unlike mammalian mtALDHs and RF2A, can oxidize only short chain aliphatic 
aldehydes including acetaldehyde, propionaldehyde and butyraldehyde in vitro (Liu and 
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Schnable, submitted). The accumulation of rf2b transcripts is elevated during hypoxia (M. 
Nakonzono, personal communication). These data suggest that RF2B might be involved in 
the fermentation pathway. There is evidence that the acetaldehyde generated via ethanolic 
fermentation can be converted into acetate via mtALDH, which is then incorporated into 
lipids via acetyl-CoA synthase (EC 6.2.1.1) (Mellema et al., 2002). 
The physiological roles of RF2C and RF2D are not known. In this study, the 
recombinant RF2C and RF2D proteins were purified from E. coli and used to conduct 
kinetic analyses that provided clues as to their physiological functions. These kinetic 
analyses demonstrated that RF2C and RF2D can efficiently oxidize «^-unsaturated 
aldehydes (alk-2-enals) products of lipid peroxidation, including 4-HNE, fraw.s-2-hexenal 
and zm/7x-2-nonenal. Lipid peroxidation is stimulated by both ROS and LOX (reviewed by 
Elstner, 1987; K hn and Borchert, 2002 ). Wounding and the application of exogenous 
ABA increased cellular levels of ROS in maize. Similarly, wounding and hypoxia induced 
the accumulation of maize lox transcripts. Because the expression of the rf2c and rJ2d genes 
are also induced by these three stress conditions, we hypothesize that plant Family 1 
cALDHs are part of the plant stress defense system. 
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RESULTS 
Subcellular Localization of RF2C and RF2D 
Both Target? (http://www.cbs.dtu.dk/services/TargetP. Emanuelsson et al., 2000) and 
pSORT ('http://psort.nibb.ac. jp. Nakai and Kanehisa, 1992) predict that RF2C and RF2D lack 
N- or C-terminal signals for chloroplast, mitochondrion, endoplasmic reticulum (ER) and 
microbody subcellular localization. However, based on the existence of two AHL-type 
peroxisome-targeting sequence motifs (variants of peroxisome targeting signal 1), pSORT 
predicted that RF2C accumulates in the peroxisome. 
Based on phylogenetic analyses of plant and mammalian ALDHs, RF2C and RF2D 
cluster with rice and Arabidopsis Family 1 ALDHs (Figure 5.1). No information is available 
regarding the subcellular localization of any plant Family 1 ALDHs. To determine whether 
RF2C and RF2D accumulate in the cytosol as do mammalian Family 1 ALDHs, polyclonal 
antibodies were raised against Ni-NTA affinity-purified RF2C recombinant protein. Because 
the crude serum recognizes RF2A, RF2B, RF2C and RF2D proteins (data not shown), the 
antibodies were allowed to react with nitrocellulose-absorbed recombinant RF2A and RF2B 
proteins according to Dumbroff and Gepstein (1993). The IgG fraction that did not react 
with RF2A and RF2B was then purified using protein A-agarose beads (Harlow and Lane, 
1988). The purified IgG fraction recognizes only the RF2C and RF2D proteins (Figure 5.2A 
and data not shown), and Perfect Protein™ markers (Novagen, Inc., Madison, WI). The 
latter result is not surprising because the Perfect Protein™ markers carry S«tag™s, as did the 
recombinant RF2C protein used as antigen to generate these antibodies. 
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Cell lysates from etiolated maize seedlings were fractionated into soluble and 
insoluble fractions via centrifugation. The soluble fraction included mainly cytosolic 
proteins and the insoluble fraction included membranes and organelles including 
mitochondria (Quail, 1979). Immuno-blot analyses revealed that the RF2C and RF2D are 
primarily detected in the soluble fraction (Figure 5.2B). As a control, a duplicate gel blot 
was probed with RF2A antibodies. In this control experiment signal was detected mainly in 
the insoluble fraction, which is consistent with our previous observation that RF2A and 
RF2B accumulate in mitochondria (Liu et al., 2001; Liu and Schnable, submitted). 
Proteins inside of organelles such as the chloroplast and peroxisome may contaminate 
cytosolic protein preparations as a consequence of organelle breakage during homogenization 
(Vigil, 1983). Chloroplasts were purified from green seedlings. As measured by chlorophyll 
content, the purified chloroplast fraction was enriched more than four fold as compared to the 
total homogenate (Table 5.1). Immunoblot analyses revealed that there was little RF2C/D 
signal in the chloroplastic fraction (Figure 5.2B).. The peroxisomal enzyme catalase (EC 
1.11.1.6, Vigil, 1983) was used as a marker to determine whether the RF2C signal detected in 
the immunoblot of the soluble fraction was due to contamination with peroxisomal proteins. 
Catalase activities were enriched and reduced in the insoluble and soluble fractions, 
respectively (Table 5.1). The specific catalase activity in the insoluble fraction was about 
1.9-fold higher than that in the total extract, and 4.8-fold higher than that in the soluble 
fraction (Table 5.1). Because the insoluble fraction contained about 60% of the total catalase 
activity (data not shown), but little of the RF2C signal, these results suggest that RF2C and 
RF2D are both cytosolic ALDHs. 
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Expression and Purification of Recombinant RF2C and RF2D Proteins 
The rflc and rjld expression constructs prf2c-expr#22 and prf2d-exprA7 have been 
described previously (Skibbe et al., 2002). The expression of each recombinant protein in E. 
coli was induced by IPTG. To purify these recombinant proteins, crude E. coli extracts were 
passed through cellulose DE52 columns, washed and then eluted with sodium chloride 
solutions. The ALDH-containing fractions were identified by enzyme activity assays and 
pooled fractions were loaded onto Sephadex G-50 columns for desalting. The ALDH-
containing fractions were again pooled and loaded onto hydroxyapatite columns and washed 
with a low concentration potassium phosphate solution and then eluted with a high-
concentration potassium phosphate solution. The RF2C and RF2D proteins were purified 
185- and 109-fold, respectively, as compared to the original crude E. coli extract (Table 5.2). 
The purified proteins are the only visible bands on Coomassie-stained SDS-polyacrylamide 
gels (Figure 5.3). 
Biochemical Characterization of RF2C and RF2D 
To perform kinetic analyses, it is necessary to understand how pH affects enzyme 
activity. The ALDH activity of RF2C and RF2D were determined in 0.1 M buffers with a 
series of pHs, using 2 mM of acetaldehyde as substrate. Maximum activities were achieved 
at pH 9.5 (for RF2C) and pH 10.0 (for RF2D) (Figure 5.4A). Both enzymes prefer alkaline 
environments. At pH 7.0, RF2C and RF2D exhibit only 24% and 33% of their maximum 
reaction rates, respectively. At RF2C s pH optimum, (pH 9.5) RF2D exhibits approximately 
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91% of its maximum activity at pH 10.0. Based on these results, a pH 9.5 pyrophosphate 
buffer was used for the kinetic analyses of both RF2C and RF2D. 
Many ALDHs exhibit esterase activity in vitro (Weiner et al., 1976). To investigate 
whether this is true of RF2C and RF2D, an esterase assay was conducted using 4-phenyl 
acetate as substrate (Sheikh et al., 1997). Both RF2C and RF2D exhibit esterase activity 
(Figure 5.4B). Under the same assay conditions, RF2C exhibits a higher catalytic rate than 
RF2D. 
Most animal ALDHs are inhibited by disulfiram, an active component of some anti-
alcoholism drugs. To test whether RF2C and RF 2D are sensitive to this inhibitor, the 
purified recombinant proteins were incubated with 1 mM disulfiram at room temperature for 
15 minutes and ALDH activities were assayed using 12 |J.M 4-HNE as a substrate. Under 
these conditions, about 60% of RF2C s ALDH activity and nearly all of RF2D s ALDH 
activity was inhibited by disulfiram (Figure 5.4C). 
Mammalian Family I cALDHs exist as homotetramers (Rodriguez-Zavala and 
Weiner, 2002). To determine whether this is true of RF2C and RF2D, partially purified 
native RF2C and RF2D proteins were passed through a Sephacryl S-300 column; to 
determine elution volumes the ALDH activity of each fraction was assayed using 2 mM of 
acetaldehyde as a substrate. The molecular weights for RF2C and RF2D were determined to 
be 196 ± 16 kD and 210 ± 23 kD, respectively (data not shown). The molecular weights for 
single subunits of RF2C and RF2D are 54.1 kD and 54.8 kD, respectively, as calculated 
using the pI/Mw program (http://ca.expasv.org/tools /pi tool.htmD. These results therefore 
demonstrate that both RF2C and RF2D exist as homotetramers. 
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Kinetic Analyses of RF2C and RF2D 
Purified recombinant RF2C and RF2D were used for kinetic analyses towards various 
aldehydes (Table 5.3). Like mammalian Family 1 cALDHs, both RF2C and RF2D exhibit 
high Kms for acetaldehyde (828 (iM for RF2C and 244 |xM for RF2D), which suggests that 
these enzymes do not efficiently oxidize acetaldehyde under physiological conditions 
(Klyosov et al., 1996). But unlike the mammalian Family 1 ALDHs, neither RF2C nor 
RF2D can oxidize 9-c/s-retinal or all-fra«s-retinal, two aldehydes that are considered to be 
physiological important substrates for mammalian Family 1 cytosolic ALDHs (Duester, 
2000; Godbout and Monckton, 2001). 
The Kms of RF2C and RF2D toward aliphatic aldehydes decrease rapidly with 
increasing carbon chain lengths. But when the chain length reaches five carbons, both 
enzymes exhibit apparent substrate inhibition at substrate concentrations near 10 |iM. 
Although both enzymes oxidize these aldehydes, the Kms and Kcats for these substrates were 
therefore not determined. Both RF2C and RF2D can also oxidize benzaldehyde but apparent 
substrate inhibition occurs in the low micromolar range, i.e., 5-10 gM. Neither enzyme can 
oxidize 2-naphthaldehyde or indole-3-carboxyaldehyde. In contrast, both RF2C and RF2D 
have low Kms for a,|3-unsaturated aldehydes, including arolein, /ra/w-2-hexenal, trans-2-
nonenal and 4-HNE. The Km for 4-HNE, a major product of membrane lipid peroxidation, is 
only 2.3 pM for RF2C and 4.9 gM for RF2D. For RF2C, Km decreases as the carbon chain 
length of unsaturated aldehydes increase. For RF2D, the Kms of «^-unsaturated aldehydes 
are not affected by carbon chain length for the tested aldehydes. Both enzymes can 
efficiently oxidize trans-cinnamaldehyde and its derivatives, with Kms in the low micromolar 
range. Like other «.^-unsaturated aldehydes, /ra/is-cinnamaldehyde also has an a,|3-double 
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bond. Among all the tested aldehydes, 4-HNE is the best substrate for RF2C, as indicated by 
the ratio of Kcat to Km (Table 5.3). The next best substrates are /ram-cinnamaldehyde, 
butyraldehyde and o-nitrocinnamaldehyde. 
Predicted 3-D Structures of RF2C and RF2D 
Although RF2C and RF2D have similar Kms for all substrates, the K^tS for RF2C are 
greater than those of RF2D. This demonstrates that RF2C is a more efficient enzyme than 
Rf 2D. To investigate which amino acid changes might be responsible for the dramatic 
difference in catalytic efficiency between RJF2C and RF2D, the 3-D protein structures of 
these enzymes were predicted using Swiss-Model (Guex and Peitsch, 1997) (Figure 5.5). 
The two predicted structures are quite similar. Excluding the extra eight amino acids at the 
N-terminal end of RF2D, there are 85 non-conservative amino acid substitutions between 
RF2C and RF2D. Among these non-conservative substitutions, four amino acids are 
conserved in most Family 1 and Family 2 ALDHs including RF2C, but not in RF2D. They 
are Ala67/Ser76, Glu21'/Met220, Lys24,/Ser250 and Gln342/Met351 (RF2C/RF2D) (Figure 5.5). 
The Lys24I/Ser250 site is located at the bottom of the substrate pocket, while the Gln342/Met351 
site is located at the top of the substrate pocket (Figure 5.5). The other two substitutions are 
located at the periphery of the proteins. 
Induction of rJ2c and rf2d Expression by Exogenous ABA 
Based on the kinetic analyses, both RF2C and RF2D can efficiently oxidize aldehyde 
products of lipid peroxidation, i.e., «^-unsaturated aldehydes, including 4-HNE. The 
application of exogenous ABA increases the accumulation of ROS (Murata et al., 2001; 
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Jiang and Zhang, 2001), which is expected to increase levels of lipid peroxidation. Hence, if 
rj2c and/or rf2d are involved in oxidizing the aldehydes that result from ROS-mediated lipid 
peroxidation, they might be up regulated by the application of ABA. 
To determine whether ABA alters the expression of rj2c and rj2d, and whether any 
observed changes are correlated with ROS levels, etiolated maize seedlings were treated with 
100 |iM ABA for 24 hours, after which the accumulations of ROS, rf2c and rf2d transcripts 
and RF2C and RF2D proteins were assayed. The ROS-specific fluorescent probe 2,7-
dicholofluorescin 3,6-diacetate (DCFDA) was used to determine the in vivo levels of ROS in 
these seedlings. DCFDA per se does not fluoresce, but after being diffused into cells an 
endogenous esterase converts it into 2,7-dicholoflurescin, which can be oxidized by cellular 
hydrogen peroxide and hydroxy! free radicals, generating visible 2,7-fluorescein. Following 
excitation at 495 nm, fluorescence was visualized at 525 nm (Royall and Ischiropoulos, 
1993). Based this assay, ABA-treated seedlings accumulate higher levels of ROS than 
untreated controls (Figure 5.6A). The increased accumulation of ROS was most pronounced 
in the mesocotyls. Increased levels of ROS were observed, but to a lesser degree, in leaves 
and roots (data not shown). Hence, consistent with previous studies in maize and 
Arabidopsis (Jiang and Zhang, 2001; Murata, et al., 2001), the application of ABA results in 
an increased accumulation of ROS. 
To determine if the application of ABA and the resulting increased levels of ROS are 
associated with increased accumulation of rf2c and rf2d transcripts, semi-quantitative RT-
PCR was performed. To establish the conditions for these experiments, each gene-specific 
primer pair was tested individually with different concentrations of seedling shoot RNA. 
Figure 5.7A shows that it was possible to identify ranges of template concentrations at which 
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accumulations of amplification products are approximately proportional to the amount of 
template. Based on these results, 0.01 gg, 0.1 gg and 0.01 gg of RNA were used as 
templates for the amplifications of rf2c, rj2d and a-tubulin transcripts, respectively. As 
expected, the accumulation of a-tubulin transcripts was not affected by the application of 
ABA (Figure 5.7B). In contrast, rf2c and rf2d transcripts accumulated to two- to three-fold 
higher levels in seedlings that had been treated with ABA (Figure 5.7B). 
To further confirm that the expression of rf2c and rf2d is stimulated by the 
application of ABA, the accumulation of RF2C and RF2D protein was examined via 
immuno-blot analyses using affinity purified RF2C antibodies. This experiment revealed 
that ABA-treated seedling shoots accumulated RF2C and RF2D to levels that were about 
50% higher than control seedlings (Figure 5.7D). 
Induction of rf2c and rf2d Expression by Wounding 
Wounding is increases the accumulation of ROS (Orozco-C rdenas et al., 2001). To 
determine whether the accumulation of rflc and tf2d transcripts is induced by other 
treatments that increase the accumulation of ROS, maize seedlings were extensive wounded 
by puncturing their shoots with a needle. The accumulation of ROS-mediated fluorescence, 
catalase activity, rf2c and rfld transcripts, and RF2C and RF2D protein were monitored in 
samples collected 2.5, 5 and 12 hours after wounding. 
ROS levels increased dramatically following wounding; the most intense 
fluorescence was observed surrounding the wounded sites when the wounding occurred in 
mesocotyl or coleoptile (Figure 5.6B, a-d). When expanding seedling leaves were wounded, 
the accumulation of ROS was enhanced in the midvein (Figure 5.6B, e and f), which is 
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consistent with the observation that H2O2 accumulates in the vascular bundles of wounded 
tomato leaves (Orozco-C rdenas et al., 2001). 
Catalase (EC 1.11.1.6) converts H2O2 into H2O and O2, and is induced by the 
elevation of ROS levels that occur in responding to wounding (Orozco-C rdenas et al., 
2001 ). Consistent with previous studies that have demonstrated that increased catalase 
activity is a late response to wounding (Guan and Scandalios, 2000), catalase activity 
remained unchanged 5 hours post-wounding; it was, however, 25% higher than the 
unwounded controls 12 hours post-wounding (data not shown). 
Recently it has been shown that wounding can activate lipase and LOX (Pohnert, 
2002), which can then initiate lipid peroxidation and/or synthesis of signal molecules. Based 
on the RT-PCR results, the accumulation of lox transcripts increased 70% and 50% at 2.5 
hours and 5 hours post-wounding, respectively (Figure 5.7C). 
In contrast to catalase activity, and more similar to fluorescence-detected levels of 
ROS and accumulation of lox transcripts, rjlc and rjld transcripts accumulated to their 
highest levels within 2.5 hours of wounding (Figure 5.7C). At 2.5 hours post-wounding, rflc 
transcripts had accumulated to levels two-fold higher than unwounded controls; they 
remained high at 5 hours post-wounding, but decreased to pre-wounding levels after 12 
hours. After reaching their maximum accumulation (nearly three-fold higher than controls) 
at 2.5 hours, levels of rfld transcripts gradually decreased, but remained elevated relative to 
unwounded controls throughout the 12-hour post-wounding time course. 
To determine whether the accumulation of RF2C and RF2D proteins is affected by 
wounding, cytosolic proteins were analyzed via immuno-blot assays using purified RF2C 
antibodies. As shown in Figure 5.7D, 2.5 and 5 hours post-wounding, RF2C and RF2D had 
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accumulated to levels that were 50% higher than unwounded controls. In agreement with the 
accumulation patterns of transcripts, the accumulation of RF2C and RF2D proteins began to 
decrease 12 hours after wounding. 
Induction of rf2c and rf2d Expression by Hypoxia 
Although hypoxia has been reported to increase the accumulation of ROS in animals 
(de Groot and Littauer, 1989), to date there are no similar reports in plants. There is, 
however, evidence that potato lipids start to form lipid hydroperoxides 12 to 24 hours after 
the onset of anoxia (Pavelic et al., 2000), suggesting that alternative pathways may be 
involved in lipid peroxidation, e.g., LOXs (Pavelic et al., 2000; Berger et al., 2001). The 
aldehyde products of LOX-mediated lipid peroxidation include 6- to 9-carbon aliphatic 
aldehydes (Zhuang et al., 1996; Noordermeer et al., 2001), fm/tx-2-hexenal, 4-hydroxy-2-
hexenal (Kohlmann et al., 1999), /mnx-2-nonenal (Galliard and Phillips, 1986), and 4-HNE 
(Gardner and Grove, 1998). 
To investigate whether hypoxia generates ROS and whether RF2C and RF2D might 
be involved in protection against this stress, 7-day old maize seedlings were subjected to 
hypoxia for various periods of time. After 24 hours of hypoxia, seedlings were exposed to 
air for various lengths of time. Semi-quantitative RT-PCR results indicate that the 
accumulation ofpdc3 transcripts, which are known to be induced by hypoxia (Peschke and 
Sachs, 1993) and therefore serve as a positive control in this experiment, reached their 
maximum levels after 6 hours of hypoxia, and then fell slightly after 12 and 24 hours of 
treatment, yet still remained several fold higher than the untreated controls (Figure 5.8A). In 
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contrast, the accumulation of a-tubulin transcripts, which serves as a negative control, 
remained unchanged throughout the time course (Figure 5.8A). 
ROS levels of hypoxia-treated seedlings were determined by staining with DCFDA. 
No significant differences in fluorescence were observed between untreated seedlings and 
seedlings exposed to hypoxia for 2, 6, 12 and 24 hours (data not shown). Catalase activity 
also remained essentially unchanged during hypoxia. SOD activity (EC 1.15.1.1) activity, 
another marker that is associated with elevated ROS levels, decreased slightly during the first 
6 hours of hypoxia and then returned to its original level (Figure 5.8D). The accumulation of 
lox transcripts increased within 6 hours of hypoxia, then decreased to about one-third of its 
pre-treatment level (Figure 5.8A). 
The accumulation of rflc transcripts increased after 6 hours of hypoxia, and then 
decreased. The accumulation of rfld transcripts was similar to the pre-treatment level at six 
hours, had increased at 12 hours, and had fallen slightly at 24 hours (Figure 5.8A). The sum 
of RF2C and RF2D protein accumulation continued to increase over the 24-hour time course 
(Figure 5.8B). No differences in RF2C and RF2D protein accumulation were detected in 
control seedlings harvested at the same times the hypoxia or re-aeration seedlings were 
collected (Figure 5.8B). 
It has been reported that in animal cells re-aeration following hypoxia or anoxia can 
result in increased accumulation of ROS and oxidative stress. There are contradictory reports 
as to whether this occurs in plants (Crawford et al., 1994; Pavelic et al., 2000). After 24 
hours of hypoxia, maize seedlings were exposed to air for 1, 2,4 and 12 hours. Catalase and 
SOD activities were also measured. Catalase activity did not change significantly during this 
time period (Figure 5.8D). SOD activity increased about 20% relative to untreated samples 
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after 2 to 4 hours of re-aeration. After 12 hours of re-aeration, however, the level of SOD 
activity had returned to that of untreated seedlings (Figure 5.8D). 
ROS levels were determined via DCFDA staining and again no significant changes 
were observed during this time period (data not shown). The accumulations of rflc and rfld 
mRNAs during this time period were measured via RT-PCR. The accumulation of a-tubulin 
transcripts, a negative control, remained unchanged; while the accumulation ofpdc3 
transcripts, a positive control, remained at high levels within 4 hours of re-aeration and 
returned to their pre-treatment level after 12 hours of re-aeration. The accumulation of rflc 
transcripts continued to decrease in the first 2 hours of re-aeration, and then began to increase 
after 4 hours of re-aeration (Figure 5.8 A). After 12 hours of re-aeration, rflc transcripts had 
reached almost the pre-hypoxia level (Figure 5.8A). The accumulation of rfld transcripts 
first decreased to a nearly undetectable level at the end of the first hour of re-aeration, and 
then increased slightly after 2 to 4 hours of re-aeration. Even so, after 12 hours of re-
aeration, the accumulation of rfld mRNA was still slightly less than the pre-hypoxia control 
(Figure 5.8A). 
In contrast to the accumulation of transcripts of rflc and rfld, the sum of RF2C and 
RF2D protein remained high at the end of first hour of re-aeration. However, after 12 hours 
of re-aeration, the accumulation of these proteins was nearly identical to the pre-hypoxia 
level (Figure 5.8B). These results demonstrate that expression of rflc and rfld are induced 
in the early stages of hypoxia, but not by re-aeration. 
DISCUSSION 
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Plant Family 1 cALDH may Function as Part of the General Plant Defense System 
Plants have developed a series of defense systems to cope with environmental stresses 
such as drought, chilling, infection, and salt stress, (reviewed by Xiong and Zhu, 2002). 
Although plants use different defense mechanisms to protect themselves from these different 
stresses, these specialized defense pathways share certain biochemical components (Xiong 
and Zhu, 2002). For example, one of the common early responses to many of these stresses 
is an oxidative burst, i.e., the rapid accumulation of ROS, which can activate the expression 
of defense genes (reviewed by Jabs, 1999). However, because ROS can react with and 
modify many types of molecules, the accumulation of ROS can damage cells. For example, 
ROS react with membrane lipids leading to lipid peroxidation, which results in altered 
membrane function. Unsaturated membrane lipids are particularly susceptible to attack by 
ROS. A variety of ROS-scavenging enzymes, such as SOD (EC 1.15.1.1), catalase 
(1.1 l.l.6), glutathione peroxidase (GPX, EC 1.11.1.9), ascorbate peroxidase (APX, EC 
1.11.1.11), thioredoxin (TR) (reviewed by Chaudiere and Ferrari-Iliou, 1999) can remove 
ROS from plant cells (Figure 5.9). 
In addition, to their direct effects on membrane lipids, ROS-mediated lipid 
peroxidation can also result in the production of toxic aldehydes (Figure 5.9). Although ROS 
and ROS-scavenging enzymes have been studied extensively in plants, there has been little 
research on enzymes that can detoxify the aldehydes produced following ROS-mediated lipid 
peroxidation. Glutathione S-transferases (GST, EC 2.5.1.18) catalyze the conjugation of an 
aldehyde and a glutathione via their carbonyl and sulphydryl groups. In Guinea pigs and 
rats, GSTs have been reported to remove 4-HNE (Hiratsuka et al., 2001). Aldose reductase 
(AR, also termed aldehyde reductase, EC 1.1.1.21) can reduce saturated and unsaturated 
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medium length aldehydes (including 4-HNE) to the corresponding and less toxic alditols 
(Srivastava et al., 1999; Burczynski et al., 2001). The functional significance of this enzyme 
was established by demonstrating that transgenic alfalfa that over-express aldose reductase 
exhibit increased tolerance towards superoxide-generating agent paraquat and heavy metals 
(Oberschall et al., 2000), both of which are known to cause lipid peroxidation in vivo (Steffen 
and Netter, 1979; Marnett and Wilcox, 1995). In the nematode, Panagrellus redivivus, 
uncharacterized NADH/NADPH-linked aldehyde-reducing enzymes and NAD/NADP-
1 inked aldehyde-oxidizing enzymes located in both the cytosol and mitochondria are 
responsible for removing aldehyde products of lipid peroxidation (Brophy and Barrett, 1990). 
A Family 3 chALDH from Craterostigma plantagineum (CpALDH) that accumulates in 
plastids and that can oxidize saturated aliphatic aldehydes is induced by ABA and 
dehydration (Kirch et al., 2001). This ALDH does not, however, oxidize 4-HNE (Kirch et 
al., 2001), which is the most reactive aldehyde generated by lipid peroxidation (Comporti, 
1989). 
The current study demonstrates that plants contain another aldehyde-scavenging 
system, i.e., cytosolic ALDHs. Both of the Family 1 cALDHs of maize, RF2C and RF2D, 
are capable of oxidizing the «.^-unsaturated aldehydes (including 4-HNE) that are generated 
via the peroxidation of polyunsaturated fatty acids. The accumulation of ROS and LOX 
activity both cause lipid peroxidation and therefore result in the production of aldehydes 
(Zhuang et al., 1996; Gardner and Grove, 1998). The application of ABA and wounding 
increase the accumulation of ROS in maize seedlings. In addition, wounding and hypoxia 
increased LOX activity in these seedlings. The finding that the rf2c and rfld genes are both 
up-regulated at the mRNA and protein levels by the application of ABA, wounding and 
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hypoxia, suggests that these genes are involved in the detoxification of aldehydes generated 
via both ROS-mediated and ROS-independent peroxidation of polyunsaturated fatty acids. 
Because many defense systems involve the production of ROS and/or the accumulation of 
LOX, we hypothesize that Family 1 cALDHs are part of the general defense system of plants 
(Figure 5.9). 
Betaine ALDHs, which are only distantly related to Family I ALDHs (they belong to 
Family 10 ALDHs, Vasiliou et al., 1999), are induced by salt and drought stress (McCue and 
Hanson, 1992). They protect plants from osmotic stress by oxidizing betaine-aldehyde, and 
thereby generating the osmolytes glycine-betaine and betaine (Weretilnyk and Hanson, 1990; 
Ishitani et al., 1995; McCue and Hanson, 1992). Hence, this mechanism for stress resistance 
differs from that proposed for Family 1 cALDHs. 
Functional Specialization of Plant and Animal Family 1 cALDHs 
pSORT predicted that RF2C and RF2D accumulate in the peroxisome and cytosol, 
respectively. In contrast, the cell fractionation experiments demonstrated that, like 
mammalian Family 1 ALDHs, both RF2C and RF2D accumulate in the cytosol. The 
explanation for the discrepancy between pSORT s prediction and the fractionation 
experiments is probably a consequence of the location of the putative peroxisomal targeting 
motifs detected by pSORT in RF2C. These motifs must be located in the C-terminal to be 
functional (Olsen, 1998); they are not located at the C-terminus of RF2C. 
Family 1 cALDHs have been studied in mammals for decades (reviewed by Duester, 
2000). Their major physiological function is thought to be oxidizing retinal to retinoic acid, 
which is hormone that regulates growth and development (Yoshida et al., 1993; Yamauchi 
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and Tata, 2001). Plant Family 1 cALDHs do not have this function because retinal and 
retinoic acid have not been detected in plant cells, and in any event neither RF2C nor RF2D 
can oxidize retinal. Instead, our data strongly suggest that at least one of the functions of 
maize Family 1 cALDHs is the oxidation of aldehydes (including 4-HNE) that result from 
lipid peroxidation. 
In contrast with plants, mammalian Family 1 cALDH are not involved in oxidizing 
aldehydes that arise following lipid peroxidation (Townsend et al., 2001). Instead, the 
Family 3 cALDHs are thought to serve this function in mammals (Lindahl and Petersen, 
1997; Townsend et al., 2001). Four Family 3 msALDH have been identified from maize 
(Cao, Simmons and Schnable, unpublished). In addition, the Arabidopsis genome contains 
three Family 3 ALDH genes, AtALDH3Fl (Accession NP195348), AtALDH3 (Accession 
AAG30995) and AtALDH4 (Accession AC074228) that are predicted to accumulate in the 
microsome and chloroplast (Figure 5.1 and Kirch et al., 2001 
Consistent with the finding that plant and animal Family 1 cALDHs have undergone 
functional specialization, phylogenetic analyses revealed that mammalian Family 1 cALDHs 
are more closely related to mammalian and plant Family 2 ALDHs than they are to plant 
Family I cALDHs (Figure 5.1). 
Hypoxia and Re-aeration do not Increase ROS in Maize Seedlings 
In mammalian cells ROS levels increase during anoxia/hypoxia and post-treatment 
re-aeration (de Groot and Littauer, 1989). In contrast, there are contradictory reports as to 
whether ROS-mediated lipid peroxidation occurs in plants during anoxia/hypoxia or 
whether hypoxia results in elevated levels of ROS (Monk et al., 1987; Crawford et al., 1994; 
190 
Pave lie et al., 2000). Most of the extant research was performed on cultured cell lines. In 
the current study, it was found that ROS levels in intact plants were not affected by either 
hypoxia or re-aeration. Similarly, the ROS-scavenging enzymes, catalase activity and SOD, 
are not induced by hypoxia. In fact, SOD activity decreased about 40% within 2 to 6 hours 
of hypoxia. The finding that ROS, which accumulate and thereby cause damage and trigger 
PCD in hypoxic mammalian cells, do not accumulate in may be one explanation why many 
plants, including maize, are more tolerant of hypoxia than mammals (Roberts et al., 1984). 
Is Alcohol Dehydrogenase also involved in the Detoxification of Stress-induced 
Aldehydes? 
Alcohol dehydrogenases (ADH, EC l.l.l.l) catalyze the reversible conversion between 
alcohols and their corresponding aldehydes. ADH is induced by hypoxia and is thought to be 
involved in the ability of plants to resist flooding by allowing glycolysis to continue even 
when the supply of O2 is limited (reviewed by Perata and Alpi, 1993). However, many other 
stresses induce ADH in plants, such as the application of ABA, cold temperatures and salt 
stress (Dolferus et al., 1994; de Bruxelles et al., 1996; Baxter-Burrell et al., 2002); the 
physiological significance of this phenomenon is not known. Since many of these stresses 
result in increased levels of lipid peroxidation, they are likely to also result in an increased 
accumulation of aldehydes. Hence, like Family I cALDHs, one of the physiological roles of 
ADHs may be the detoxification of stress-induced aldehydes by converting them into less 
toxic alcohols. 
Functions of the Multiple Plant ALDHs 
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Although RF2C and RF2D have similar substrate spectra, their catalytic capacities 
are quite different. In general, RF2C is a more efficient enzyme than Rf 2D. The genes that 
encode these enzymes are also differentially regulated. Following both hypoxia and 
wounding, the accumulation of rflc transcripts was induced earlier than that of rf2d, but 
elevated levels of rjld transcripts were maintained for longer periods of time after treatment. 
The maize (Cao, Simmons, and Schnable, unpublished) and Arabidopsis 
(AtALDH3Fl, Accession NP195348) genomes encode predicted Family 3 msALDHs. 
Although the plant Family msALDHs have not yet been functionally characterized, 
mammalian msALDHs can efficiently oxidize long-chain fatty aldehydes. Based on kinetic 
studies, the maize Family 2 mtALDHs, RF2A and RF2B, can efficiently oxidize 
acetaldehyde, and are therefore likely to be involved in the fermentation pathway (Liu and 
Schnable, submitted). In contrast, the two Family 1 cALDHs of maize, RF2C and RF2D, 
have high Kms for acetaldehyde, and therefore not likely to be directly involved in 
detoxifying acetaldehyde generated via fermentation. Although, RF2A and RF2B cannot 
efficiently oxidize ^^-unsaturated aldehydes, such as /r<ms-2-hexenal, /r<ms-2-nonenal and 
4-HNE, these aldehydes are readily oxidized by RF2C and RF2D. Hence, working in 
combination, the Family I, Family 2 and Family 3 ALDHs of plants are expected to be able 
to efficiently oxidize a wide variety of physiologically significant aldehydes. 
METHODS 
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Plant Materials and Treatment 
All experiments were conducted with seedlings of the maize (Zea mays., L.) inbred 
line Ky21 (normal cytoplasm version). Hypoxia treatments were conducted as described by 
Peschke and Sachs (1993). Maize seedlings were germinated and grown in the dark at 28°C 
for 7 days and then submerged under 5 mM Tris (pH 7.5) and 1 fig/ml ampicillin for various 
periods of time. Subsequently the seedlings were exposed to air for various lengths of time, 
after which tissues were collected and either frozen in liquid nitrogen or immediately 
analyzed. 
Etiolated 7-day old seedlings were also used for ABA treatment. Roots of one group 
of seedlings were soaked in 100 ml of water supplemented with 100 ^.L of 0.1 M ABA in 
ethanol (final ABA concentration, 100 gM) for 24 hours; control roots were soaked in water 
supplemented with 100 |j.L of ethanol for 24 hours. Disulfiram was added to 1 mM final 
concentration as indicated. Seedlings were kept in the dark. 
Etiolated 10-day old seedlings were used for the wounding experiments. Shoots were 
punctured with a needle every 0.5 cm. After wounding, the seedlings were kept in the dark 
for various periods of time, after which tissue samples were collected for RNA and protein 
extractions. 
Expression and Purification of RF2C and RF2D from E. coli 
Plasmids that express the rf2c (prf2c-expr#22) and rfld (prf2d-exprA7) genes in E. coli have 
been described previously (Skibbe et al., 2002). These plasmids were transformed into 
BL2l(DE3) cells, which is deficient in endogenous acetaldehyde dehydrogenase activity (Liu 
et al., 2001) and therefore is suitable for ALDH expression and purification. The E. coli cells 
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were cultured in dyt media (1.6% tryptone, 1.0% yeast extract and 0.5% NaCl) overnight at 
37°C and 10 ml of culture was transferred into 800 ml of dyt the next morning. Cells were 
incubated at 37°C for 3-4 hours until the ODeoo reached 0.6, at which point IPTG was added 
to a final concentration of 1 mM. After three additional hours of incubation at 37°C with 
vigorous shaking, cells were harvested and washed once in distilled water, and then re-
suspended in 40 ml of 50 mM HEPES buffer (pH 7.4) containing 15% glycerol, 0.5% Triton 
X-100, 1 mM EOT A and 1 mM DTT. Lysozyme was added to a final concentration of 0.1 
mg/ml and the mixture placed at room temperature for 30 minutes or until it became viscous. 
It was then subjected to sonication (Fisher Sonic Dismembrator Model 60) until the solution 
became considerably less viscous. This lysate was centrifuged at 32,000 x g for 30 minutes 
and the supernatant was loaded onto a cellulose DE52 (Whatman, Fairfield, NJ) column (2.5 
x 30 cm) equilibrated with Buffer A (25 mM HEPES, pH 7.4, 10% glycerol, 1 mM DTT). 
For RF2C protein, the ALDH activity was eluted with 50 mM NaCl in Buffer A after 
washing with 300 ml of buffer A. These fractions were pooled and desalted using a 
Sephadex G-50 column (1.5 x 90 cm) equilibrated with Buffer B (20 mM potassium 
phosphate buffer, pH 6.8, 10% glycerol, 1 mM DTT). The ALDH-containing fractions were 
pooled again and loaded onto a hydroxyapatite column (1.5 x 30 cm) equilibrated with 
Buffer B. The column was washed with 200 ml of Buffer C (80 mM potassium phosphate 
buffer, pH 6.8, 10% glycerol, 1 mM DTT) and ALDH activity was eluted with Buffer D (160 
mM potassium phosphate buffer, pH 6.8, 10% glycerol, 1 mM DTT). The purification of 
RF2D was very similar except that the RF2D protein was eluted from the DE52 column with 
100 mM NaCl in Buffer A, instead of the 50 mM NaCl used for RF2C. During the 
purification, 30 |i.L of samples from each fraction was used for ALDH activity assays to 
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identify the ALDH-containing fractions. The assays were conducted in a 96-well microliter 
plate with 300 |iL of reaction mixture containing 0.1 M sodium pyrophosphate buffer (pH 
8.5), 1.5 mM NAD+ and 2 mM acetaldehyde. 
Generation of Polyclonal Antibodies 
To generate recombinant protein for preparation of polyclonal antibodies, the rf2c 
cDNA was ligated into pET30a (Novagen, Madison, WI) for expression in E.coli. A 1.2-kb 
PGR product was amplified from the full-length rJ2c cDNA clone pBSK+/3-l#3 (Skibbe et 
al., 2002) using primers rf2c-5bgl2 (5' ACT AGA TCT GGC GAC TGC GAA CGG GAG C 
3') and rf2c-488L ( 5' CAA AGA TTT CAT CCT GTG 3') witlffuTurbo® Hotstart 
polymerase (Stratagen, La Jolla, California). This PCR product was subcloned into pCR4-
TOPO (Invitrogen, Carlsbad, CA) to generate prc5b2-B5. The nucleotide fidelity of the 
cloned 1.2-kb PCR product was confirmed by sequencing. Plamid prc5b2-B5 was digested 
with Bglll and XhoII to release a 0.8-kb fragment. The remaining 0.9-kb of the rf2c coding 
region was released by digesting pBSK+/3-l#3 (Skibbe et al., 2002) with Xhol and EcoRI. 
The 0.8-kb Bglll-Xhot fragment from prc5b2-B5 and the 0.9-kb XhoI-EcoRI fragment from 
pBSK+/3-l#3 were ligated into Bglll- and EcoRI-digested pET30a to generate prcbxe#!. 
This plasmid was then transformed into E. coli strain BL21(DE3) for recombinant protein 
expression. The recombinant protein expressed by the resulting strain an S-tag and a 6x His-
tag at its N-terminus, and therefore was purified by one-step Ni+-NTA affinity 
chromatography according to the manufacturer s protocol (pET System Manual, 6th edition, 
Novagen, Madison, WI). The purified His-tagged RF2C protein was injected into a rabbit 
according to standard protocols (Harlow and Lane, 1988). Antisera was collected and tested 
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against both recombinant (induced in E. coli) and native RF2C (extracted from maize 
seedlings). 
Cell Fractionation and Immunoblot Analyses 
2.0 g of 7 day-old etiolated seedlings ofN-cytoplasm inbred line K.y21 were ground 
in 4.0 ml of extraction buffer containing 0.5 M sucrose, 0.1% insoluble PVP, 50 mM HEPES 
(pH 7.4), 2 mM DTT, 1 mM EDTA and 0.1% proteinase inhibitor cocktail (Cat# 539134, 
Novagen Inc., Madison, WI). The extract mixture was passed through 6-layers of 
cheesecloth and centrifuged at 30,000 x g for 20 minutes. The supernatant was used as 
soluble fraction; the pellet was washed in the above buffer once and centrifuged as above 
again, then resuspended in the above buffer but excluding sucrose. After 10 minutes on ice, 
this fraction was sonicated repeatedly using a sonicator (Fisher Sonic Dismembrator Model 
60) and centrifuged at 10,000 x g for 5 minutes. The resulting supernatant was used as the 
insoluble fraction. Chloroplasts were isolated from 12-day old seedling leaves as described 
elsewhere (Liu et al., 2001), and chlorophyll concentration was determined according to 
Leegood and Walker, 1983. 
Protein gel electrophoresis and gel transfer were conducted as described (Liu et al., 
2001). The gel blots were incubated at room temperature with purified RF2C or RF2A 
antibodies for 16-24 or 3 hours, respectively, and then incubated with alkaline phosphotase-
labeled secondary antibodies. 
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Protein Extractions Enzyme Assays and Kinetic Analyses 
For catalase (EC 1.11.1.6) and SOD (EC 1.15.1.1) assays, etiolated maize seedlings 
were ground in liquid nitrogen and then an aqueous buffer containing 50 mM potassium 
phosphate (pH7.0), 0.02% BSA, 0.1% insoluble PVP (polyvinylpyrrolidone, Sigma), 10% 
glycerol, 5 mM EDTA and 1 mM DTT was added. The resulting extract was filtered through 
four layers of cheesecloth before being passed through a Sephadex G-15 spin column 
equilibrated with 60 mM potassium phosphate (pH 7.0), I mM EDTA and 1 mM DTT; and 
then centrifuged at 4,000 x g for 6 minutes. The resulting supernatant was used as a crude 
enzyme extract. The protein concentration in this extract was determined via the Bradford 
method (Bradford, 1976) using a Bio-Rad (Hercules, California) Protein Assay kit, with 
bovine serum albumin as standard. 
Catalase assays were conducted in a 1 ml mixture containing 10 mM H2O2, 60 mM 
potassium phosphate (pH 7.0) and 50 fig-100 |ig of protein from the crude extract. Catalase 
activity assays conducted as part of the subcellular localization experiments, utilized 150 gg 
of protein from the total, insoluble or soluble fractions. Absorbance at 240 nm was 
monitored for 2 minutes and reaction rates were calculated from the decrease of OD240 for 
the first minute (Vigil, 1983). 
SOD assays followed Giannopolitis and Ries (1977). The 1 ml reaction mixture 
contained 50 mM potassium phosphate (pH 7.8), 13 mM methionine, 75 gM nitro blue 
tetrazolium (NBT), 2 gM riboflavin, 0.1 mM EDTA. Crude extract containing 100 gg of 
protein was used for each assay. The mixture was placed under ambient laboratory light for 
15 minutes to assay the inhibition of reduction of NBT in the presence of riboflavoin and 
methionine, as measured by absorbance at 560 nm. Riboflavin can be photochemically 
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reduced in the presence of methionine, and it can then be reoxidized in air to generate 02*~, 
which can reduce NBT to blue formazan. Dismutation of 02" by SOD thus inhibits 
reduction of NBT. 
The kinetic analyses of RF2C and RF2D were conducted at room temperature in 0.1 
M sodium pyrophosphate buffer (pH 9.5), with a final NAD+ concentration of 1.5 mM. 
Reaction volumes were 300 gL and reactions were conducted in 96-we 11 microplates. 
Fluorescence of NAD H (exitation at 365 nm and emission at 460 nm) was monitored using a 
SpectraMax Germini (Molecular Devices, Sunnyvale, CA). Kinetic parameters were 
calculated as described previously (Liu and Schnable, submitted) using the ENZFIT program 
(Elsvier-Biosoft, Cambridge, UK). For determining pH optima, a series of 0.1 M phosphate 
buffers, pyrophosphate buffers and bicarbonate-cabonate buffers were used to provide the 
desired pH conditions. Specifically, pH 6.0 to 8.0 buffer was sodium phosphate; pH 8.5 to 
9.5 buffer was tetrasodium pyrophosphate; pH 10.0 buffer was sodium bicarbonate-cabonate. 
The esterase assay following Sheikh et al. (1997), used 0.125 mM 4-nitrophenyl 
acetate (ICN Biomedicals, Aurora, OH) was as substrate and absorbance at 460 nm was 
monitored. 
Inhibition of ALDH activity by disulfiram was assayed according to Lam et al., 1997. 
Purified RF2C or RF2D protein was incubated with 1 mM disulfiram (Sigma, St. Louis, MO) 
at room temperature for 15 minutes prior to ALDH assays, which were conducted using 12 
gM of 4-HNE and 1.5 mM NAD4" as substrates. 
Molecular Weight Determinations of RF2C and RJF2D 
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The molecular weights of RF2C and RF2D were determined via Sephacryl S-300 gel 
filtration chromatography, as described before (Liu and Schnable, submitted). Carbonic 
anhydrase (29 kD), bovine albumin (66 kD), alcohol dehydrogenase (150 kD), (3-amylase 
(200 kD), apoferritin (443 kD) and thyroglobulin (669 kD) were used as molecular weight 
standards (Cat # MW-GF-1000, Sigma, St. Louis, MO). Each standard protein was passed 
through the column individually and the ODaso was monitored to determine the elution 
volume (Ve) for these proteins. Partially purified RF2C and RF2D protein were individually 
passed through the column. The presence of RF2C and RF2D in fractions was monitored via 
an ALDH assay using 2 mM acetaldehyde as substrate. The void volume (V0) was 
determined using blue dextran (Sigma, Cat#D4772). Molecular weights of RF2C and RF2D 
were estimated via the semilog plot (Log(Mw) vs. Ve/V0 ) method (Marshall, 1970). 
ROS Assays 
Whole maize seedlings were soaked in 50 mM potassium phosphate (pH 7.0) and 50 
|iM 2,7-dichlorofluorescein 3,6-diacetate (ACROS Organics, Pittsburgh, PA) in the dark at 
room temperature for 20 minutes. The seedlings were then washed with distilled water three 
times and observed under a fluorescence dissection microscope (Olympus, model SZX-
ILLDI00). Fluorescence was observed using an excitation wavelength of 488 nm and an 
emission wavelength of 515 nm. Photos were taken with a digital camera (Spot RT Slider, 
Diagnostic Instruments, Inc., Sterling Height, MI). 
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RNA Extraction and Semi-quantitative RT-PCR 
RNA was extracted from plant tissues according to the Trizol method 
(ftp://tairpub@ftp.arabidopsis.org/%2Fhome/tair/home/tair/Protocols/). RNA was quantified 
by measuring absorbance at 260 nm. For each gene, one primer pair was designed to flank at 
least one intron. These primers include: 
rjlc\ c786: 5 -CAT GGA CGT CGA CAAGGT CAG C-3 
cl269: 5 -CCC AAA GAT TTC ATC CTG TGC G-3 
rfld: rf2dl259: 5 -CTG CCG CCG AC A AAG GGT ACT A-3 
rf2dl622: 5 -CGG TGA TGA CGC TCT TGA CCT-3 
a-tubulin: TBI: 5 -ATG GCA TCC AGG CTG ATG GT-3 
TB2: 5 -TAT GGC TCA ACT ACC GAA GT-3 
pdc3: pdc3-F: 5 -ATT GCT GAG ACT GGT GAC TCC TGG TTC A-3 
pdc3-R: 5 -CCC ACC GTG CTA CAG CTT ACT ATC AC-3 
lox: lox 1: 5 -AGA TGTCCG ACT TCC TGG GCT A-3 
lox2: 5 -GAA CTC CTC GTC GGT CCT CCA C-3 
The DNA sequences of a-tubulin (Accession AF249276), pdc3 (Accession AF37005) and 
lox (Accession AF329371 (cDNA) and AF271894 (genomic DNA)) were downloaded from 
Genbank. The linear range of RT-PCR was determined by testing each primer pair with 
various concentrations of total RNA from seedling shoots. The One-step RT-PCR kit was 
purchased from Qiagen, Inc. (Valencia, CA). First-stand cDNA synthesis was conducted at 
55°C for 30 minutes followed by 15 minutes at 95°C to activate the Taq DNA polymerase. 
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The PCR reactions were then conducted for 30 cycles, each cycle includes 94°C for 35 
seconds, 58°C for 35 seconds and 72°C for 2 minutes. 
Modeling 3-D Protein Structures 
RF2C and RF2D structures were predicted by Swiss-Model (Guex and Peitsch, 1997) 
using the following templates: Protein Data Bank numbers 1A4S and 1BPW (cod betaine 
ALDH), 1A4Z and 1AG8 (bovine ALDH2), 1AD3 (rat ALDH3), 1BI9 (rat RALDH), IBXS 
(sheep Class 1 ALDH), 1CW3 (human ALDH2), 1EYY and 1EZ0 (NADP+-dependent 
ALDH from Vibrio harveyi), and IQ11, IQI6, IEUH, and IQll (NAD P+-dependent ALDH 
from Streptococcus mutans). Ribbon images were prepared using MOLMOL software 
(Koradi et al., 1996). 
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Table 5.1 Markers for Cell Fractionation 
Chloroplastic Fraction Soluble and Insoluble Fractions 
Total3 Chloroplast 
ic 
Total" Soluble Insoluble 
ADHC 
Catalase0 
Chlorophyll 
ND 
ND 
2.5 ±0.4 
ND 
ND 
l l ± l  
4.6 ±0.4 
0.8 ±0.2 
ND 
7.2 ±0.3 
0.4 ±0.1 
ND 
0.34 ±0.07 
2.3 ±0.2 
ND 
"The homogenate of green seedlings that was used for the isolation of the chloroplastic 
fraction. 
bThe homogenate of etiolated seedlings that was used for the isolation of soluble and 
insoluble fractions. 
cThe enzyme activities are expressed as arbitrary units per minute per milligram of 
protein. ADH, alcohol dehydrogenase. 
Chlorophyll concentration is expressed as milligrams of chlorophyll per milligram of 
protein. 
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Table 5.2 Purification of recombinant RF2C and RF2D 
Soluble 
extract 
DE52a 
G-50" HAPC 
RF2C Total protein (mg) 1090 79.6 72.6 0.21 
Total activity*1 (U x 103) 146 133 121 5,23 
Specific Activity" (U mg"1) 134 1,670 1,670 24,900 
Purification fold1 - 12.5 12.5 185 
RF2D Total protein (mg) 878 44.5 36.7 0.18 
Total activity (U x 103) 64.6 29.3 24.7 1.45 
Specific Activity (U mg"1) 73.6 659 671 8,060 
Purification fold 8.95 9.12 109 
"Pooled ALDH-containing fractions eluted from cellulose DE52 column. 
^ Poo led ALDH-containing fractions eluted from Sephadex G-50 column. 
"Pooled ALDH-containing fractions eluted from hydroxyapatite column. 
dOne unit of enzyme activity (U) is expressed as 1 |imol of N ADH produced per 
minute. 
"Specific activity is expressed as unit activity per mg protein. 
'Purification fold is expressed as increased specific activity normalized by 
specific activity from the soluble extract. 
Table 5.3 Kinetic analyses of RF2C and RF2D 
Km(4M) Kca,a Kcat/Kin 
Substrate Structure RF2C RF2D RF2C RF2D RF2C RF2D 
Aromatic aldehydes 
Saturated aliphatic 
aldehydes 
Acetaldehyde 828- 150 244-57 260-26 
Propionaldehyde 73.1- 11.9 64.4 - 7.8 180-3 
Butyraldehyde 7.7- 1.0 17.3-3.2 260- 16 
Veraldehyde SIb SI SI SI 
Hexanal SI SI SI SI 
5
1 . .4-
1. 3.
SI SI SI 
SI SI SI 
SI SI SI 
SI SI SI 
36- 7 0.31 0.15 
32- 7 2.5 0.51 
29- 1 34 1.7 
Heptaldehyde SI 
Octanal SI 
Nonanal SI 
Decyl aldehyde S[ 
Unsaturated aliphatic 
aldehydes 
Acrolein (propenal) 9.6 -2.1 48.1 - 1.8 170-3 
/ra»i-2-hexenal 5.9-0.1 6.6- 1.6 82- 10 
//ww-2-nonenal 9.8-1.1 2.3-0.1 95-20 
4-hydroxy-2-nonenal 2.3 - 0.6 4.9 - 0.4 240 - 40 QW 
/raws-cinnamaldehyde 2.4-0.5 Trace® 210-13 
o-nitrocinnamaldehyde 
o II 
28-1 18 0.58 
20-4 14 3.0 
12-0.3 9.7 5.2 
9.8-1 100 2.0 
NDd 88 -
8.5-0.9 27 2.2 
Benzaldehyde o^° SI SI SI SI 
4-methoxybenzaldehyde SI SI SI SI 
Retinal aldehydes 
9-cw-retinal 
Z Y NASe NAS NAS NAS 
all-//ww-retinal / NAS NAS NAS NAS 
Other aldehydes 
o 
Pyruvic aldehyde Trace Trace ND ND 
lndole-3-carboxyaldehyde NAS NAS NAS NAS 
2-naphthaldehyde ox° NAS NAS NAS NAS 
°Vm is expressed as (imol NADH production per minute (per jig protein). 
bSI, substrate inhibition occurs when substrate concentration is in the low micromolar range. 
Trace, only trace activity was detected with various substrate concentration and in the presence of at least 10 |ig of purified 
enzyme. 
dND, not determined. 
*NAS, no ALDH activity was detected with various substrate concentration and at least 10 |ig of purified enzyme. 
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Figure 5.1 Phylogenetic tree of plant and mammalian Family 1, Family 2 and Family 3 
ALDHs. Sequences were downloaded from Genbank or the Protein Data Bank (PDB) and 
then aligned with ClustalX (Thompson et al., 1997) (BtALDH2 and HsALDH2, PDB 1AG8 
and IAC3; other ALDHs are from Genbank: RnALDH2, NM_032416; HsALDHlAl, 
NM 000689; RnALDHIAl, NM_022407; HsALDHlA2, NM_003888, NtALDH2, Y09876; 
AIALDH2B, AB030820; AtALDH2A, AF349447; ZmRF2A, U43082; SbALDH2b, 
AB084898; OsALDH2B, AB044537; ZmRF2B, AF348417; SbALDH2A, AB084897; 
OsALDH2a, AB030939; ZmRF2C, AF348412; OsALDHIA, AB037421; ZmRF2D, 
AF348414; AtALDHIA, AF349448; HsALDH3A2, NM_000382; RnALDH3A2, 
NM 031731; HsALDH3Al, NM_000691; RnALDH3Al, NM_031972; HsALDH3B2, 
U37519; HsALDH3Bl, U10868; AtALDH4 (Ath-ALDH4), AAG30995; CpALDH, 
AJ306960; AtALDH3 (Ath-ALDH3), AC074228; AtALDH3Fl, NP195348). The tree was 
produced using the Genebee program 
(http://wAvw.genebee.msu.su/services/phtree redueed.html. Brodskv et al.. 1995). Numbers 
shown at the branches of the tree are boostrap values that indicate the percentage of times a 
particular branch was place at the position in 100 individual bootstrap experiments. The 
numbers shown below the frame indicate the percentage of amino acid changes per site. Bt, 
Bos taurus; Rn, Rattus norvegicus; Hs, Homo sapiens; Nt, Nicotiana tobacum; At, 
Arabidopsis thaliana; Zm, Zea mays; Sb, Sorghum bicolor; Os, Oryza saliva; Cp, 
Craterostigma plantagineum. 
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Figure 5.2 Subcellular localization of RF2C and RF2D. A, RF2C antibodies recognize 
both RF2C and RF2D. Protein extracts from E. coli carrying pET17b (vector), prf2c-
expr#22 (RF2C) and prf2d-exprA7 (RF2D) were separated via SDS-PAGE and incubated 
with immuno-purified RF2C antibodies. M, Perfect protein™ markers (Novagen, Inc.). B 
and C, maize cells were fractionated into soluble and insoluble fractions (from etiolated 
seedlings) and chloroplast fraction (from green seedlings) and then incubated with immuno-
purified RF2C antibodies (B) or immuno-purified RF2A antibodies (C). T, total protein 
extract; I, insoluble fraction; S, soluble fraction. Duplicate gels stained with Coomassie Blue 
R-250 are shown as loading controls. The gel shown in B serves as a control for both B and 
C. 
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Figure 5.3 Purification of recombinant RF2C and RF2D. A, RF2C; B, RF2D. For both 
A and B, Coomassie Blue G 250-stained SDS-PAGE gel. DE52, pooled ALDH-containing 
fractions after cellulose DE52 chromatography; G-50, pooled ALDH-containing fractions 
after Sephadex G50 column; HAP, pooled ALDH-containing fractions after hydroxyapatite 
chromatography. 
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Figure 5.4 Biochemical characterization of RF2C and RF2D. A, determination of pH 
optima. B, esterase activities. The control consists of the assay mixture minus enzyme. 
Assays were conducted in 50 mM sodium phosphate buffer, pH 7.4, 125 (iM of 
phenylacetate was used as substrate. C, disulfiram inhibition. RF2C or RF2D were 
incubated with (+DSF) or without (-DSF) 0.5 mM disulfiram for 15 minutes before 
conducting an ALDH assay using 12 gM of 4-HNE as substrate. RFU, relative fluorescence 
unit. Enzyme units are expressed as (imol NADH produced per minute per gg protein. All 
assays were conducted at room temperature. 
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Figure 5.5 Predicted 3-D structures of RF2C and RF2D. A, RF2C; B, RF2D. Cross-eye 
3-D structures were predicted by Swiss-Model (Guex and Peitsch, 1997) and the ribbon 
displays were computed by MolMol (Koradi et al., 1996). The high-lighted amino acid 
residues in RF2C include two catalytic residues Cys303, Glu269 and four residues which are 
conserved in most Family 1 and Family 2 ALDHs but not in RF2D, Ala67, Glu21 \ Lys241 and 
Gin342. The residues high-lighted in the RF2D structure are equivalents of those shown in the 
RF2C structure: Cys312, Glu™, Ser76, Met220, Ser250 and Met351. 
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Figure 5.6 ROS levels in response to exogenous ABA or wounding. A, etiolated maize 
seedlings that had (+AB A) or had not (-ABA) been treated with 100 (iM ABA were stained 
with DCFDA. B, etiolated maize seedlings were punctuated multiple times with a needle 
(wd) or left untreated (ctrl) and then stained with DCFDA after 2.5 (a and b) or 5 (c, d, e and 
0 hours. For both A and B, photos were taken under fluorescent (left) or white (right) light. 
223 
A. 
<5* v c> 
o- o- v ng 
10 8 5 27 36 
10 1» 72 120 
tubidht 
1 0 69 14 29 
c 
* *4 
& i 6 
1.0 2.2 2.0 1.0 
1.0 2.8 2-5 2.0 
tubulin 
B 
r f2c  r f2ef  t t ib t i lm 
• -t -r -t- ABA 
1.0 2,9 1.0 2.1 1.0 0.9 
D. 
kD 
SO­
LO 1.5 1.5 1.2 1.0 1.5 
1.0 0.9 00 0.8 
100-
Figure 5.7 Accumulation of rflc and rf2d transcripts and protein in response to 
application of ABA and wounding. A, conditions under which the accumulation of RT-
PCR products is proportional to template concentration. B, Semi-quantitative RT-PCR 
analysis of the accumulation of rflc and rfld transcripts in response to the application of 
ABA. C, analysis by semi-quantitative RT-PCR of the accumulation of rf2c and rfld 
transcripts following wounding. D, Immunoblot analyses of RF2C and RF2D accumulation 
induced by wounding and application of ABA. Duplicated Coomassie-stained gels are shown 
below as loading controls. CW, pre-wounding; W + 2.5hr, W + 5 hr, and W + 12 hr, 2.5 
hours, 5 hours and 12 hours post-wounding; CA, control for ABA treatment; ABA, seedlings 
with the application of ABA. The relative intensities of RT-PCR products or immunoblot 
signal recorded by Gel Doc software (Bio-Rad) are listed under each lane, in each panel, the 
left-most lane was normalized to 1.0 
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Figure 5.8 Accumulation of r/2c and rf2d transcripts and protein in response to hypoxia 
and re-aeration. A, semi-quantitative RT-PCR analysis of the accumulation of rflc and 
rfld transcripts in response to hypoxia and re-aeration. B, immunoblot analyses of RF2C and 
RF2D protein accumulation in response to hypoxia and re-aeration. A duplicate Coomassie 
Blue-stained gel is shown below as a loading control. HO, H6, H12 and H24: hypoxia treated 
for 0, 6, 12 and 24 hours; R24-1 and R24-12, re-aeration for 1 hour and 12 hours after 24 
hours of hypoxia. CO to C24-12, seedlings without treatment taken at same time when 
treated seedlings were taken. C, relative intensities of RT-PCR products plotted by treatment 
and time. Dashed gray line, pdc3; solid gray line, tubulin; thin line, lox; dashed black line, 
rflc; solid black line, rfld. D, relative catalase and SOD activities in response to hypoxia and 
re-aeration. 
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Figure 5.9 Role of Family 1 cALDHs in the plant defense system. The application of 
ABA (Murata, et al., 2001; Jiang and Zhang, 2001), chilling temperatures (Prasad et al., 
1994), salt stress (Gueta-Dahan et al., 1997; Mittova et al., 2002), drought (Xiong and Zhu, 
2002), wounding (Le n et al., 2001), and pathogen infections (Lamb and Dixon, 1997), all 
increase cellular levels of ROS, which activate defense gene expression. However, increased 
levels of ROS can also cause lipid peroxidation, which generates toxic aldehydes. 
Wounding, pathogen infection and hypoxia/anoxia also induce lipoxygenases, which also 
result in lipid peroxidation and lead to accumulation of aldehydes. ROS can be scavenged by 
SOD (superoxide dismutase, EC 1.15.1.1), catalase, peroxidases and other components of 
antioxidants; aldehydes can be detoxified via the action of ALDH (aldehyde dehydrogenase, 
EC 1.2.1.3), AR (aldose reductase, EC 1.1.1.21) and/or GST (glutathione S-transferase, EC 
2.5.1.18). 
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CHAPTER 6 
GENERAL CONCLUSIONS 
ALDHs exist in all taxa examined (Vasilious et al., 1999). ALDHs have been extensively 
studied in animals and yeast, due to their involvement in alcoholism. However, little 
research has been conducted on plant ALDHs. This dissertation is focused on the molecular 
cloning and functional characterization of ALDHs from maize and Arabidopsis. Compared 
to animal ALDHs, plant ALDHs apparently evolved different functions. Research results 
reported here provide detailed information on maize mitochondrial and cytosolic ALDHs, 
including substrate preferences, regulatory features and possible physiological roles. 
Functional divergence and complementation between mitochondrial and cytosolic 
ALDHs 
RF2A does not efficiently oxidize «.^-unsaturated aldehydes, and RF2B does not 
oxidize these aldehydes at all. In contrast, the purified recombinant RF2C and RF2D have 
low Kms and high Vmaxs for these aldehydes, especially 4-HNE (Table 5.2). Hence we have 
hypothesized that RF2C and RF2D may play roles in detoxifying these products of lipid 
peroxidation. Wounding and the application of ABA both increased accumulation of rflc 
and rfld transcripts and protein. In addition, application of ABA increased levels of ROS 
and lipid peroxidation, as measured by MDA accumulation. These data indicate that rflc and 
rfld have both the kinetic and regulatory features to support their roles in detoxifying 
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aldehydes generated via lipid peroxidation. Therefore rf2c and rf2d are likely to be part of 
the plant defense system against these stresses. 
In regard to substrate preferences, RF2A prefers short to medium chain length 
aliphatic aldehydes and aromatic aldehydes; while RF2B only oxidize short chain aliphatic 
aldehydes. Neither of these mitochondrial ALDHs is efficient for «^-unsaturated 
aldehydes. RF2C and RF2D, on the other hand, have high Km for acetaldehyde, but they can 
oxidize «^-unsaturated aldehydes very efficiently. RF2C and RF2D also oxidize medium 
chain length aliphatic aldehydes, even though the enzyme activity was inhibited at low 
substrate concentration. Unlike functional specialization of RF2A and RF2B, RF2C and 
RF2D have similar substrate spectra. The difference between RF2C and RF2D is that RF2D 
is less active than RF2C, reflected by its lower Vms. Although these RF2A, RF2B, RF2C 
and RF2D have overlapping substrate spectra, they also have specific preferences for certain 
classes of substrates. They also have different subcellular localizations and expression 
patterns. As a group, they can oxidize most of the aldehydes found in biological systems, 
except for long chain fatty aldehydes, which usually are the substrates for fatty ALDHs 
(Mannaerts et al., 2000). 
Function of Gene Families 
This dissertation reports the first detailed characterization of four maize ALDHs, and 
provides hypothesis of each protein s function based on their kinetic constants and regulatory 
features. As more and more genomes have been sequenced, it is obvious that many genes 
have more than one ortholog within a genome, and therefore they form gene families. These 
include CuZn-superoxide dismutase (CuZn-SOD) gene family (Scandalios, 1987; Zhu and 
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Scandalios, 1994), GST gene family (Reviewed by Dixon et al., 2002; Edwards et al., 2000), 
phospholipase D (PLD) gene family (reviewed by Wang, 2000), transcription factor Pax 
gene family (reviewed by Underbill, 2000), and numerous others. It is obvious that in some 
cases enzymes encoded by a gene family catalyze the same reaction but are differentially 
expressed, for example, CuZn-SOD (Zhu and Scandalios, 1994); in other cases, enzymes 
encoded by a gene family catalyze similar but not identical reactions, for example, ALDHs 
(this dissertation) and GSTs (Edwards et al., 2000). GSTs catalyze conjugation reactions of 
many substrates with glutathione, and thereby detoxifying those compound. Some of the 
GST proteins share as low as 20% of amino acid identity, yet their 3-D structures are highly 
conserved (Reinemer et al., 1996; Neuefeind et al., 1997). This is also true for ALDH 
proteins. The cod betain aldehyde dehydrogenase share less than 40% of amino acid identity 
with bovine ALDH2 (Johansson et al., 1998), the two 3-D structures are very similar. This 
may be because conserved 3-D structures are required for their function. The function of 
both GST and ALDH isozymes are also partially redundant, which may have provided 
flexibility for gene mutation and gaining of new functions. 
Functional specilization of RF2 A and RF2B 
Maize mitochondrial ALDHs include two isozymes, RF2A and RF2B, which exhibit 
83.4% similarity and 78.7% identity at the amino acid level. RF2A oxidizes a broad range of 
aldehydes, while RF2B only oxidizes acetaldehyde, propionaldehyde, butyraldehyde and 
glycolaldehyde. No activity was detected from RF2B with aliphatic aldehydes having chain-
lengths greater than five carbons, nor with benzaldehyde or cinnamaldehyde. RNA gel blot 
and immuno-histolocation analyses have revealed that the accumulation of rfla and rf2b 
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transcripts and protein have only partially redundant expression patterns in organs and cell 
types. The accumulation of rf2a is not induced (Cui and Schnable, unpublished data), while 
rf2b is induced by hypoxia (M. Nakonzono, personal communication). These results suggest 
that the two mitochondrial ALDHs of maize have distinct functions. RF2A may play 
multiple roles in vivo because of its broad substrate spectrum and extensive expression 
pattern; RF2B, in contrast, may be involved mainly in the ethanolic fermentation pathway 
because it is up-regulated by hypoxia, and because of its limited substrate spectrum. 
RF2A and cmsT Restoration Mechanism 
The rJ2a gene has been studied for decades because it is a nuclear restorer gene for 
cmsT (Duvick, 1965). Homozygous rf2a mutant plants are male sterile in T cytoplasm. 
However, it was only recently that this gene was cloned (Cui et al., 1996). Biochemical 
characterization of RF2A protein in this dissertation has revealed that RF2A encodes an 
active ALDH located in the mitochondrial matrix. Kinetic studies on purified recombinant 
RF2A protein demonstrate that RF2A has a broad substrate spectrum. RF2A can oxidize 2-
to 9- carbon aliphatic aldehydes, glycoaldehyde, indole-3-acetaldehyde, and benzaldehyde, 
as well as some of its derivatives, including cinnamaldehyde. However, RF2A can not 
efficiently oxidize «.^-unsaturated aldehydes, especially those with long carbon chain 
lengths. Because of this broad substrate spectrum, it is difficult to resolve how RF2A 
functions in restoring fertility to cmsT maize lines. 
Since most maize lines carry functional rf2a alleles, rf2a has long been believed to 
have other functions in addition to being a nuclear restorer for cmsT lines (Schnable and 
Wise, 1994). Genetic studies in this dissertation have revealed that in normal cytoplasm, 
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anthers in lower florets of spikelets often stop developing at early microspore stage and 
therefore do not produce functional pollen in homozygous mutant rf2a plants (Liu et al., 
2001). These experiments suggest that rf2a is not only required for fertility restoration of 
cmsT, but is also required for normal pollen development in normal cytoplasm maize lines. 
Again, it is difficult to determine which pathway rfla is involved in normal pollen 
development, or whether this is the same pathway that the fertility restoration is involved. 
One hypothesis for the function of RF2A in cmsT restoration is that RF2A might 
detoxify aldehydes generated via lipid peroxidation (Miller, 2001; Liu et al., 2001). 
However, based on the kinetic analyses, RF2A does not efficiently oxidize «.^-unsaturated 
aldehydes such as fraw.s-2-hexenal and 4-HNE, which are major aldehyde products from lipid 
peroxidation (Esterbauer et al., 1990). Lipid peroxidation is often mediated by increased 
ROS levels (Comporti, 1989), and cmsT anthers do not show increased levels of ROS, or 
lipid peroxidation, as measured by MDA accumulation. Therefore it is not likely that RF2A 
restores fertility in cmsT by detoxifying aldehydes that result from lipid peroxidation. 
A second hypothesis is that RF2A mediated acetyl-CoA biosynthesis may be required 
for pollen development (Cui et al., 1996). Under anaerobic conditions, mitochondrial 
function is inhibited and pyruvate is then converted into acetaldehyde via pyruvate 
decarboxylases (Figure 1.1). The resulting acetaldehyde is then reduced by ADH into 
alcohol, or oxidized by ALDH into acetate. This pathway seems to be active during pollen 
development even when oxygen is not limited, i.e., aerobic fermentation (Tadege and 
Kuhlemeier, 1997; Tadege et al., 1999). Further more, in pollen tubes where cells grow 
rapidly, ethanol can be converted into actyl-CoA via combined actions of alcohol 
dehydrogenase, ALDH, and acetyl-CoA synthase, and then incorporated into fatty acids 
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(Mellema et al., 2002). Acetaldehyde is one of the best substrate for RF2A as measured by 
Vm/Km (Table 4.2), and accumulation of RF2A protein is enhanced in tapetal cells of maize 
anthers. Therefore the role of RF2A in this pathway must be considered. However, it is not 
clear whether this pathway is critical for cmsT fertility restoration and/or normal pollen 
development. 
Future Directions for Identifying Function of RF2A in Pollen Development and cmsT 
Restoration 
One challenge of the post-genomic era is to characterize the function of newly 
identified genes. The rfla gene was cloned in 1996 (Cui et al., 1996), and now we have 
characterized this protein as an active ALDH, which is located in mitochondrial matrix, and 
which oxidize many aldehydes. However, it is still not clear which pathway it may be 
involved in pollen development in vivo. Several approaches can be adopted to address this 
question. First approach is to identification and isolation of genetic enhancers and 
suppressers. EMS-mutagenized maize lines were screened for %/2a-associated male sterile 
enhancers in normal cytoplasm, and 6 candidate events were found (Liu and Schnable, 
unpublished data). Analyses and cloning of these candidate genes will be essential for 
understanding the physiological role of rf2a with respect to pollen development. 
A second approach that we have adopted is genetic complementation. The rf2b gene 
driven by the rf2a promoter was transformed into cmsT maize lines and the phenotype of 
transgenic plants will be observed (Skibbe and Schnable, unpublished data). Since RF2B 
only oxidize a few aldehydes, if the transgenic plants are fertile (the rf2b gene complements 
rf2a), it is possible that one of the shared aldehyde substrates of RF2A and RF2B is an 
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important compound for pollen development. If rf2b does not complement rf2a, then the 
unique substrate for RF2A may be critical for pollen development. Similar experiment can 
be conducted using rf2c and rf2d transgenic plants. 
A third approach is DNA microarray or proteomics analyses. Ever since its 
inception, DNA microarray has been an important tool for addressing questions about 
differential gene expression. RNA can be isolated from anthers of cmsT maize lines carrying 
homozygous rf2a mutant alleles and near-isogenic male fertile lines carrying functional Rf2a 
allele, respectively. Hybridization of these RNAs to arrayed DNA chip would reveal 
differential gene expression between these two lines. RNAs isolated from cmsT anthers and 
normal anthers carrying homozygous rf2a mutant alleles can also be used for this purpose. 
Hypothesis can then be formed and tested. Similarly, the proteomes from anthers of these 
maize lines can be compared and differences may be found. However, proteomics 
technology has its limitation, for example, proteins of low abundance may not be detectable 
on a 2-D gel via current technology. 
Results from these approaches should be able to provide a well-supported hypothesis 
on the physiological pathway by which the rj2a gene participates in normal anther 
development and the restoration of cmsT. The research on RF2A and RF2B in this 
dissertation provides a solid basis for resolving this question. Further more, the research on 
the cytosolic ALDHs reveals that these plant Family 1 cALDHs are part of plant defense 
system against various stresses. 
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